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Graphene, a single-atom-thick plane of carbon, has unique optoelectronic properties 
that result in a variety of potential photonic applications, such as optical modulators, 
plasmonic devices and THz emitters. In this thesis, the light-matter interaction in 
monolayer graphene and the subsequent photoexcited charge carrier transport are 
studied, and it is found that graphene has unique advantages for hot-electron 
photothermoelectric detection. Particularly promising is detection of terahertz (THz) 
radiation, in which graphene devices may offer significant advantages over existing 
technology in terms of speed and sensitivity. 
By using a tilted angle shadow evaporation technique, bi-metal contacted 
graphene photodetectors are realized experimentally. Efficient photodetection via the 
hot-electron photothermoelectric effect is demonstrated at room temperature across a 
broad frequency range (THz to near infrared). For THz detection, the best device 
shows sensitivity exceeding 10 V/W (700 V/W) and noise equivalent power less than 
1100 pW/Hz1/2 (20 pW/Hz1/2), referenced to the incident (absorbed) power, implying 
 
 
a performance competitive with the best room-temperature THz detectors for an 
optimally absorbing device, while time-resolved measurements indicate that the 
graphene detector is eight to nine orders of magnitude faster than those.  
To increase the absorption and quantum efficiency, large area epitaxial graphene 
micro-ribbon array photodetectors are designed for resonant plasmon excitation in the 
THz range. By tailoring the orientation of the graphene ribbons with respect to an 
array of sub-wavelength bimetallic electrodes, a condition is achieved in which the 
plasmonic mode can be efficiently excited by an incident wave polarized 
perpendicular to the electrode array. The sensitivity of the detector is enhanced when 
the plasmon resonance frequency, which is tunable by adjusting the gate voltage, 
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Figure 8.2 (a) Atomic force micrograph of a graphene nanoribbon array device. (b) 
Conductance (black dotted line) and second harmonic responsivity (red dotted line) as 
a function of the gate voltage measured at T = 85.5 K. ..................................................  
Figure 8.3 Schematics of a graphene pn-junction device. (a) Side view of the device. 
The graphene flake is sandwiched between two boron nitride layers and connected to 
the metal electrodes through 1D side contacts. (b) Top view of the device. Yellow 
pads serve as the ground and the signal output. The green pad is connected to the top 







































Chapter 1: Introduction 
1.1 Introduction to photodetectors 
In this section, I will introduce the classification, properties and some 
applications of electromagnetic radiation. Then I will briefly review the history and 
development of the photodetector. By classifying photodetectors into two main 
categories (those based on photon effects and thermal effects) and understanding the 
working mechanism of each type of the detector, I argue that the current technology 
supports the high energy photon (visible and near IR) detection well, but lacks the 
capability of making sensitive and fast low energy photon detectors at room 
temperature, especially in THz range. Therefore, a fast room-temperature broadband 
photodetector, which operates with high responsivity in far-IR range, is urgently 
needed for filling this blank and for THz technology applications. 
1.1.1 The electromagnetic spectrum 
“Darkness cannot drive out darkness: only light can do that,” said Martin Luther 
King, Jr. Light emitted by the sun is essential to all living things in our planet since 
the onset of evolution, especially to human beings, since they not only sense and feel 
the light, but also take advantage of it to change their life. 
From the perspective of physics, visible light is one member of the family of 
electromagnetic (EM) waves (visible light has wavelengths in the range from ~ 390 
nm to ~ 700 nm), which can transmit in free space and some media. Electromagnetic 
radiation is classified by wavelength into radio, microwave, infrared, visible, 
ultraviolet, X-rays and gamma rays, as shown in Fig. 1.1. Electromagnetic radiation 
carries energy and the quantization of this energy gives electromagnetic radiation 
wave-particle duality: Each quantized portion of energy ν  is carried by a 
particle, the photon, where ℎ = 6.63 × 10−34J ∙ s is the Planck constant and ν is the 
frequency of the wave. Roughly speaking, above the submillimeter wavelength range 
(frequencies below 0.3 THz or photon energies below 1.2 meV), the apparatus to 
detect and study EM waves typically relies on their wave-like aspects, such as 
antennas, waveguides etc., where the electric field (wave amplitude) is the quantity 
which is guided, manipulated, and ultimately detected. Whereas at higher frequencies 
(higher photon energies), the particle nature of EM waves is evident, leading to ray-
optics techniques for treating their propagation, and detection mechanisms often 
involve the photon energy. 
 
Figure 1.1 Electromagnetic spectrum with visible light highlighted. 
 
Electromagnetic radiation has applications across an enormous range of 
frequencies. As their wave nature dominates, radio waves (frequency up to 300 MHz) 
and microwaves (300 MHz – 300 GHz) are used mostly for antenna-coupled signal 
transmission and communication. For the range where the particle nature dominates, 
gamma rays (above 30 EHz) and X-rays (30 PHz – 30 EHz) are not commonly used 
in daily life, since their high energy photons can ionize atoms and are harmful to 
living tissues, however they have applications in medical imaging and radiation 





electromagnetic wave that can be sensed by human eyes. Near infrared (30 THz – 300 
THz) radiation is commonly used in fiber optic telecommunication because of low 
attenuation losses in silica medium. 
Interesting to point out is the application of far infrared radiation, which is often 
called THz technology. The terahertz region of electromagnetic spectrum occupies a 
middle ground between microwave and infrared light waves, which makes it special 
and important in both physics research and technological applications. Terahertz 
technology has uses ranging from sensing to communications [1]. In biology and 
medicine, THz-TDS (terahertz time-domain spectroscopy) has been applied to study 
biomolecules [2] such as DNA, glucose and bacteria, with the ability to observe the 
intermolecular vibrations in some organic materials [3], which helps to study the 
dynamics of large biomolecules better than infrared spectroscopy. The distinct 
absorption spectra of different molecular species in the THz has inspired security 
applications, where THz technology helps to detect e.g. illegal drugs or explosives 
without opening the mail, box etc. [4] due to its ability to pass through many 
insulating materials. Although THz technology has a large potential market, it is still 
in its infant period, partly because there is a lack of powerful THz sources and highly 
efficient room-temperature THz detectors. [5] 
1.1.2 Photodetection 
The application of electromagnetic radiation generally requires three aspects of 
technology – its generation, transmission and detection. This thesis will mainly focus 
on the detection of the EM radiation covering a broad range from optical to far 
infrared and will especially pay attention to sensitive and fast room-temperature THz 
detection. 
Photodetectors are sensors of electromagnetic energy. A natural example of 
photodetectors is the human eye retina, which is an array of optical detectors capable 
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of sensing photons. In practical applications, a photodetector usually transforms the 
radiation energy to an electrical signal, which can be quantitatively characterized or 
digitized. One example is the charge coupled devices (CCD) invented by Boyle and 
Smith [6] in 1970, which is usually a metal-oxide-semiconductor structure operating 
in the inversion mode. The photoactive region is a capacitor array based on an 
epitaxial layer of silicon. Charge coupled devices can collect and transfer localized 
charge carriers along the oxide-semiconductor surface. Once exposed to an image, 
each element of the capacitor array starts to transfer its charges to the neighbor. The 
last capacitor will put the charges into a charge amplifier, in order to generate a 
voltage signal for the following processing. 
Traditional optical and infrared detectors can be classified into two main 
categories: Detectors based on photon effects and on thermal effects [7]. The photon 
effects are defined as a direct interaction between photons and electrons in the light 
sensitive material. A typical example is the photoconductive detector, in which the 
absorption of a photon with enough energy will promote an electron across the 
bandgap or out of a localized state into the conduction band, changing the electrical 
conductivity, and therefore generating a response when illuminated with light. Many 
semiconductors are photoconductive materials, such as silicon, germanium, GaAs, 
CdS and InAs. In these materials the electrical conductivity changes when the 
electron in the valence band absorbs an incident photon and transits to the conduction 
band, generating electron-hole pairs, which is called intrinsic photoconductivity [8]. 
Sometimes the photon energy is not high enough to induce an interband transition, 
but can ionize an impurity center that has the form of a free electron-bound hole (or 
free hole-bound electron). The conductivity change due to this process is called 
extrinsic photoconductivity [8, 9]. Compared to the photoconductive detector, another 
type of detector, which also requires electron-hole pair generation in the material, is 
more widely used, namely the photovoltaic detector, which will be discussed more in 
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detail in Chapter 2.3. The third type of photon effect used in photodetectors is the 
photoemissive effect. In this kind of device, electrons are emitted from the surface of 
the material (photocathode), when it is exposed to incident radiation. These electrons 
are then collected by the anode as an electrical signal output. Other photon effects 
include the Dember effect [9], Photon drag effect [10], etc. Detectors based on photon 
effects have been commercialized for years. A silicon photodetector can work at 
room-temperature with quite good sensitivity (responsivity ~ 1 A/W) and fast speed 
(bandwidth > 1 GHz) [11]. However, all photon effects are energy dependent and 
hence frequency dependent; in most cases, there is a threshold photon energy below 
which the detector does not work. For instance, in a photoconductive or photovoltaic 
detector, this photon energy corresponds to the band gap of the semiconductor. 
Therefore, most photodetectors in this category are limited to detect visible and near 
infrared radiation. Photodetectors based on photon effects also typically must operate 
at temperatures kT << hυ, which limits room temperature operation to near infrared 
and higher energy photons. 
Compared to detectors based on photon effects, thermal detectors have the 
advantage that they are applicable in low frequency (THz) photon detection, since 
thermal effects do not have a discrete energy cutoff. The generic working mechanism 
of a thermal detector is described as following: The incident radiation induce a 
temperature increase in the material. Subsequently, the material’s properties change 
according to the temperature increase. The signal is generated via these property 
changes and is usually only related to the intensity (power) of the incident radiation, 
rather than electric field amplitude, or photon number (as in a photon effect detector). 
Commercially available THz photodetectors work mostly according to thermal effects. 
Commonly used thermal detectors involve the thermopile, the bolometer, the Golay 
cell and the pyroelectric detector. The thermopile is made based on the thermoelectric 
Seebeck effect of the material and the bolometer works according to the bolometric 
effect. I will discuss these two effects in Chapter 2.3. The Golay cell [12] is a good IR 
detector, consisting of an absorber, a closed capsule of gas, a membrane and the 
optical read-out system, as shown in Fig. 1.2. The absorber gets heated when 
exposing to the incident radiation and results in an expansion of the encapsulated gas. 
The increased pressure induces the deformation of the membrane on which a mirror is 
mounted. The optical read-out system shines light to the mirror and the reflected 
beam is detected by a photodiode. The deflection of mirror will change the signal 
output from the photodiode and thus characterize the power of the IR radiation. 
 
Figure 1.2 Schematic of a Golay cell. Figure from Ref. [13] 
 
A pyroelectric photodetector [14] employs the pyroelectric effect [15]: Certain 
materials slightly change their crystal structures by modifying the positions of the 
atoms when getting heated or cooled, which contributes to a temporary voltage if the 
polarizability of the material changes according to the structure change. The voltage 
will disappear due to the leaking current if the temperature gets stabilized at some 
value. However, if the incident radiation is chopped at some moderate frequency, the 





Golay Cell and pyroelectric detectors are nowadays widely used room-temperature 
photodetectors in the far infrared (THz) range. However, they only show a sensitivity 
to be ~ 10 pW/√Hz and bandwidth 10~100 Hz [16], which is neither sensitive 
enough for low power radiation detection, nor fast enough for high speed technology. 
In recent years, great efforts have been made in searching for new materials for 
photon detection, and for new mechanisms to improve the sensitivity and speed of the 
detection. Some typical representatives are summarized here: The superconducting 
nanowire single-photon detector [17] and other cryogenic particle detectors [18], 
which operate at very low temperature; detectors based on nanostructured materials, 
such as colloidal quantum dots (CQD) and metal nanoparticles [19]; detectors based 
on small molecular weight organic thin-film [20]; detectors based on low dimensional 
materials, such as the carbon nanotube [21]; and room-temperature THz detectors 
based on semiconductor nanowire field-effect transistors [22], etc. These newly 
developed techniques and materials have improved the performance of the 
photodetector from different aspects. However, none of them realizes high sensitivity, 
ultrafast speed, broadband detection range and little dependence on the environment 
(vacuum, temperature and so on) at the same time. 
1.2 Introduction to graphene 
Graphene is a novel material, which consists of only one carbon atom layer. It 
can be thought of as a monolayer of graphite in which carbon atoms form a hexagonal 
lattice structure in a two dimensional (2D) plane. Its discovery in 2004 by Novoselov 
et al. [23] has surprised the scientific society since it was the first time to realize a 
freestanding 2D material experimentally. Graphene shows many novel properties, 
such as the exceptional charge carrier mobility [24], extremely high thermal 
conductivity [25], high intrinsic mechanical strength [26], and the strong interaction 
with incident photons [27]. In this section I will introduce the electrical properties of 
graphene, including its band structure, the electron-phonon interaction, and the 
electron-electron interaction, which are closely related to the research of graphene 
optoelectronics when considering graphene as a choice of a photodetector. 
1.2.1 The band structure of graphene 
Graphene is unique since it consists of only one carbon atom layer and can be 
thus regarded as a perfectly two-dimensional electron gas system up to very high 
energies on order of the π to σ orbital energy difference (several eV). Fig. 1.3 shows 
graphene’s lattice structure and the corresponding Brillouin zone. There are two 
triangular sublattices A and B in this honeycomb lattice structure with carbon-carbon 
spacing c0 = 0.142 nm.  
 
Figure 1.3 (a) Honeycomb lattice of monolayer graphene consisting of A, B 
sublattices. (b) Brillouin zone of graphene in momentum space. K and K’ are Dirac 
points. Figure from Ref. [28] 
 








































Here the coordinate system is chosen where |a1| = |a2| = √3𝑐𝑐0 = a0, where c0 is the 
carbon-carbon bond length, equal to 1.42 Å. 
Using tight bonding approximation, the Hamiltonian of π electrons hopping 
between neighboring pz orbitals can be expressed as [29]: 











jibatH                                           (1.1) 
where  is the creation (annihilation) operator of the A sublattice electrons (an 
equivalent definition is used for B sublattice.). The subscript σ refers to the spin of 
the electron. The nearest-neighbor hopping energy is t  2.8 eV. By doing the Fourier 
transformation, the operators can be written in the reciprocal space as: ,
∑ ∙  and , ∑ ∙ , where N
2 is the number of primitive unit 
cells. Then the Hamiltonian in k-space is expressed as: 

































                     
(1.2) 
where φ /√ 2e / √ cos	  and φ∗  is its complex 
conjugate. By diagonalizing this Hamiltonian, the equation can be analytically solved 













                     (1.3) 
It vanishes at six K points: 
√
, , 0, , 
√
, . One can show that 
only two of these points are inequivalent in the reciprocal lattice, denoted by K and 
K’, known as Dirac points. The complete band diagram of graphene is shown in Fig. 
1.4a. However, Eqn. (1.3) can be expanded in powers of k near K and K’, i.e. the 





)(                                                  (1.4) 
where √   is the Fermi velocity of monolayer graphene and equals to ~ 10
6 
m/s. This linear approximation for graphene’s band structure is usually acceptable up 
to energies of 1-2 eV, thus covering the range of interband transitions up to a few eV, 
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corresponding to photons from the visible to THz range. The linear dispersion 
relation denotes a constant group velocity dω/dk. The Hamiltonian of π electrons has 
a spinor wavefunction, similar to Dirac particles. Therefore, low energy excitations in 
graphene are regarded as massless Dirac fermions. Considering that the carrier 
density , where 2 in graphene corresponding to the spin and 
valley degeneracy, one can calculate the density of states (DOS) of graphene near the 
Dirac point: . The D(E) linear in energy in a Dirac system such as 
graphene contrasts with a massive electron system in which D(E) is constant up to the 
band edge, suggesting that graphene can have a much lower density of states than 
other 2D materials. As a result of this, the electron specific heat C of graphene is also 
very small, since it is proportional to the density of states: 







                                             (1.5) 
where kB is the Boltzmann constant and T is the electron temperature. This is a useful 
property when considering graphene as a photodetector based on thermal effects: 
First of all, for the same heat injection, a small electron specific heat implies a large 
temperature increase in the electron system. Furthermore, the response time of a 
thermal system is characterized by the thermal RC time constant, where R is the 
thermal resistivity and C is the specific heat. A small specific heat helps to reduce the 
thermal response time of the device. In addition, being different from traditional 
semiconductors, graphene is a zero band gap material, implying that the charge 
carrier vertical transitions due to photon absorption can happen at any low frequency. 
All of these are associated with the realization of an effective photodetector based on 
graphene. Detailed discussions will be shown in following chapters. 
 
Figure 1.4 (a) Graphene band structure. (b) Band diagram close to the K and K’ 
points showing the Dirac cones. Figure adapted from Ref. [29, 31] 
1.2.2 Charge scattering in graphene 
A striking aspect of graphene charge transport is to study the interaction between 
carriers, lattice and the environment. Moving charge carriers are scattered by phonons 
(quantized thermal vibrations) of the graphene lattice, substrate phonons, and disorder 
in graphene (nearby charged impurities, point defects, etc.), which is not only 
essential for the carrier transport, but also relevant to the photodetection in graphene, 
since the photo excited carriers will be scattered as well, when they move in the 
device to generate an electrical signal. 
 
          Vg (V) 
Figure 1.5 Residual resistivity (solid lines), LA phonon resistivity (blue and red dots 
from two samples, brown dotted line based on Eqn. (1.6)), and SiO2 remote 





interfacial phonon resistivity (black, red and blue dashed lines from three samples, 
and green dashed line based on (Eqn. 1.8)) as a function of gate voltages. Figure 
adapted from Ref. [32] 
 
Fig. 1.5 plots graphene’s resistivity as a function of the gate voltage (proportional 
to the carrier density), sketching the effects of different scattering types on the 
resistivity. The first scattering effect shown here is the interaction between carriers 
and the longitudinal acoustic (LA) phonon in graphene. This scattering effect is 
essential since it is inevitable in the device. It limits the device’s performance 
intrinsically. LA phonon scattering is expected to induce resistivity in graphene, 
which can be expressed as [33, 34]: 











                                               (1.6) 
where ρ 7.6 10 kg/m  is the 2D mass density of graphene, 2.1
10 m/s is the sound velocity for LA phonons, and DA is the acoustic deformation 
potential. According to Eqn. (1.6), LA phonon induced resistivity is proportional to 
the temperature and independent of the carrier density. Chen et al. (Univ. of Maryland) 
characterized LA phonon scattering experimentally. As shown in Fig. 1.5, LA phonon 
scattering only contributes 30 Ω to graphene’s resistivity at room temperature, 
suggesting a weak electron-phonon coupling. The mean free path corresponding to 
this intrinsic scattering can also be calculated: τ, where	τ is the scattering time, 
which can be written as: 
                         Fev
n                                                      (1.7) 
where μ  is the mobility and n is the carrier density. Assuming a technologically 
relevant carrier density of 1012 cm-2, the mean free path is estimated to be > 2 μm. 
For graphene on SiO2 substrate, charge carriers are also scattered by the polar 
optical phonons of the substrate through remote interfacial phonon (RIP) scattering 
[35, 36]. The two strongest surface optical phonon modes in SiO2 are calculated to 
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have energy 59 meV and 155 meV [35, 36]. The surface phonon contributed 
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where CPO is a constant defining the strength of the scattering and α is the exponent 
on the density dependence. The number 6.5 in the second numerator describes the 
ratio of coupling to the carriers in these two scattering process. The measurement of 
the surface phonon contributed resistivity as a function of the gate voltage is plotted 
in Fig. 1.5 with dashed lines. ρPO is determined to be inversely proportional to the 
carrier density and is predicted to contribute less to the total resistivity than the LA 
phonon of graphene in highly doped samples. 
Some other scattering centers other than the phonon also exist in graphene 
devices, such as the charged impurities [37], point defects [38], and corrugations of 
the graphene sheet [39]. The resistivity induced by these scattering centers is called 
the residual resistivity, which has a power-law dependence on the carrier density and 
the prefactor varies from sample to sample. The data shown in Ref. [32] indicates that 
ρ ~ . . 
In a word, the intrinsic phonon scattering in graphene is weak at room 
temperature and independent of the carrier density, implying very slow thermalization 
of electrons in graphene. The extrinsic phonon scattering and the residue scattering 
depend on the carrier density. They determine the transport of charge carriers in low 
doped graphene. However, by using novel fabrication techniques such as suspending 
graphene between the contacts [40, 41] or putting graphene on boron nitride substrate 
[42], these effects can be largely reduced. 
1.2.3 Electron-electron interaction in graphene 
Lastly I briefly review the electron-electron interaction and the carrier 
multiplication in graphene to conclude this chapter. In considering graphene for 
photodetection, it is important to note that photo excited carriers are not only 
scattered by the lattice and the scattering centers in the environment, but interact with 
other charge carriers as well. This is a notable effect in graphene. Tse et al. [43] 
showed theoretically that the Coulomb scattering rate exceeds the optical phonon 
emission rate, suggesting a strong electron-electron interaction in graphene. This is 
confirmed experimentally in ultra-fast hot carrier dynamics studies [44-47]. As shown 
in Fig. 1.6, the hot carrier scattering time is characterized by measuring the 
differential transmission as a function of the delay time between the pump and the 
probe pulses. It is observed in Fig. 1.6 that the signal drops fast at the first ~20 fs and 
then slowly drops down. A numerical fit convoluted with the cross correlation gives 
time constants τ1 = 13 ± 3 fs, which is identified as the electron-electron scattering 
rate, and τ2 ≈ 100 fs, which corresponds to the optical phonon emission rate. The fact 
that τ1 is one order less than τ2 suggests that photo excited electrons first thermalize 
through the electron-electron interaction and then hot electrons emit optical (if hot 
enough) and acoustic phonons. 
 
Figure 1.6 Spectrally integrated differential transmission as a function of pump-probe 




Cross correlation of pump and probe pulses. Inset: Linear dependence of the 
maximum transmission change on the absorbed pump fluence. Figure from Ref. [44] 
Another interesting phenomenon in graphene that is potentially useful for 
photodetection is carrier multiplication based on the electron-electron interaction. 
Carrier multiplication is defined as the generation of multiple charge carriers due to 
the absorption of a single photon [48]. For example, in p-doped graphene, the 
photoexcited hot electron can be scattered by the low-energy electrons and cause the 
interband transition of those electrons, which is called impact ionization (inverse 
Auger recombination). Thus, more electron-hole pairs are generated in the material. 
As a zero-bandgap semiconductor, graphene is an ideal model structure to study this 
process, which is usually inefficient in large gap semiconductors. It was found in Ref. 
[48] that there is a strong asymmetry between impact ionization and Auger 
recombination in graphene, leading to a significant multiplication of charge carriers. 
Especially for small optical excitations, the carrier multiplication factor was shown to 
be 4.3, excluding the electron-phonon relaxation. 
Carrier multiplication in graphene has been observed experimentally by Tielrooij 
et al. (ICFO) using a pump-probe technique  [49]: As shown in Fig. 1.7a, electrons in 
a monolayer graphene are excited by an optical pump-pulse. After some delay time t, 
a terahertz probe-pulse is illuminated on the sample and transmission as a function of 
the delay time is measured. Fig. 1.7d shows the schematic of the inverse Auger 
recombination. The hot electron is scattered by charge carriers near the Fermi surface, 
which can interact with the terahertz probe-pulse and change the transmission 
intensity of the beam correspondingly. The differential transmission as a function the 
delay time is plotted in Fig. 1.7b: The Coulomb scattering gives a rise of ΔT at the 
first ~ 0.2 ps and then charge carriers are scattered by phonons relaxing the system 
back into equilibrium. The carrier multiplication is confirmed by varying the photon 
density of the pump-pulse and its frequency. Fig. 1.7c plots the peak ΔT as a function 
of the absorbed photon density for several different photon energies. The linear 
dependence of ΔT on the fluence indicates that in this regime each photoexcited 
carrier acts independently from the other photoexcited carriers. Interestingly, the 
differential transmission at the peak is enhanced by increasing the photon energy. 
Further analysis shows that there is an approximately linear relation between the 
photon energy and the differential transmission normalized by the fluence, suggesting 
carrier multiplication as depicted in Fig. 1.7d (The phonon emission should be 
independent of the photon energy.). 
 
Figure 1.7 (a) Experimental observation of carrier dynamics. (b) Time-resolved 
carrier dynamics for two different photon energies. Insets show a schematic 
representation of the carrier distribution as a function of the time. (c) Scaling of the 
differential transmission signal peak values for six photon energies as a function of 
absorbed photon density. (d) A schematic illustrating the impact ionization induced 
carrier multiplication for two different photon energies. Figure from Ref. [49] 
 
In this chapter I have reviewed the band structure and transport properties of 
single layer graphene, focusing on properties which are advantageous for 
photodetection. The electron specific heat of graphene is extremely small due to the 
low density of states induced by graphene’s unique band structure, which makes 





electron-electron interaction, which, combined with its zero band gap nature, 
efficiently induces the carrier multiplication for optical excitation. In addition, the 
electron-acoustic phonon coupling in graphene is weak, resulting in a slow energy 





Chapter 2: Light-matter interaction in graphene 
 
2.1 Light absorption in graphene 
Eqn. (1.4) suggests that the charge carriers in graphene behave like relativistic 
particles. Graphene’s Fermi energy EF can be expressed as a function of the carrier 
density n: √π . For a perfect undoped graphene sheet without impurities 
and disorder, the Fermi energy should be zero since the carrier density vanishes. 
Practically, inevitable disorder always introduces local fluctuations in n, termed 
“electron and hole puddles”, in the system, resulting in a non-zero carrier density and 
electrical conductivity even when the average Fermi energy is at the Dirac point. The 
puddle density contributes a local Fermi energy, which has an rms value around 50 
meV [50] for a graphene sheet on SiO2.  
While perfectly intrinsic graphene is difficult to realize due to disorder-induced 
puddling, extrinsic (doped) graphene can be realized, most easily by applying a gate 
voltage between graphene and a capacitively-coupled gate electrode. A common 
geometry is graphene over 300 nm SiO2 dielectric on doped Si wafer, where the 
doped Si acts as a “back gate”. In such a scheme the back gate voltage generally tunes 
the Fermi level to ± (200 – 300 meV). Other electrochemical doping techniques, such 
as the molecular charge-transfer doping using molecules such as tetrafluoro-
tetracyanoquinodimethane (F4TCNQ) and polymer electrolyte top gates [51], can 
heavily dope graphene to Fermi levels around 500 meV. The photon energy from 
visible to far infrared covers a wide range between a few meV and a few eV. 
Therefore, both interband and intraband transitions need to be considered in the 
photoexcitation of graphene. These are discussed separately below. 
2.1.1 Optical absorption due to interband transitions 
For incident photon with relatively high energy, the interband transition 
dominates the absorption. Fig. 2.1 shows the transmission spectra of monolayer and 
bilayer graphene in the optical range. The key point to calculate light absorption is to 
determine the optical conductivity (ac conductivity), which is a material property, 
linking the current density to the electric field for general frequencies. The quantum 
treatment, assuming the photon energy E is much larger than the temperature and 
Fermi energy, predicts the optical conductivity of a two dimensional Dirac spectrum 
with a conical dispersion relation to be a constant independent of frequency [52-55]: 
4/2e≡σ                                                      (2.1) 
implying that the transmittance, absorption and reflection of graphene can be 
expressed through fundamental constants in optical range. For example, based on 
reference [55], the transmittance of monolayer graphene can be written as 𝑇𝑇 =
(1 + 2πσ/𝑐𝑐)−2 ≈ 1 − πα, where α is fine structure constant. Since the reflection of 
graphene is very small, the absorption can be approximated as 𝐴𝐴 ≈ 1 − 𝑇𝑇 ≈ 2.3%. 
This is a notably large value for a one-atom-thick layer. 
 
Figure 2.1 (A) Photograph of a 50-μm aperture partially covered by graphene and its 
bilayer. The line scan profile shows the intensity of transmitted white light along the 





theoretical prediction (red line) and correction (green line). (Inset) Transmittance of 
white light as a function of the number of graphene layers. Figure from Ref. [56] 
 
Fig. 2.1 shows the white light transmittance for few layer suspended graphene 
characterized by Nair et al. (Univ. of Manchester) [56]. In the visible spectrum range, 
the data matches very well with the theory for Dirac fermions. Besides, the 
transmittance roughly scales linearly with the layer number of graphene up to 5 layers. 
Notice that the measured graphene sheet is suspended, thus the refractive index of the 
environment can be approximated as 1. For a substrate-supported graphene sheet, the 
medium property also plays a role in light-matter interaction. Since graphene is a 
layered material, the theory of thin film optics applies for this medium-coupled 
transmission. Considering a general condition, where a graphene sheet is located at 
the boundary of two media with the refractive index n1,2, and assume the normal 








                                                (2.2) 
where 377Ω is the impedance of the free space and σ is the AC conductivity. 
Eqn. (2.2) is the general expression for the transmission through a graphene sheet 
sandwiched by the media and will be used in following chapters. Taking 1, 
the expression for suspended graphene is recovered. Respectively, the absorption and 





















                                               (2.4) 
It is necessary to emphasize that in Eqn. (2.2), n1 and n2 are interchangeable, which 
means the transmission does not depend on the propagation direction of the light 
beam. However, the absorption and reflectance do show a dependence on the 
propagation direction. In Eqn. (2.3) and Eqn. (2.4), the light is assumed to transmit 
from medium 1 to medium 2. 
Returning to the interband transition in graphene, Eqn. (2.1) is valid for photon 
energies larger than twice the Fermi energy. Below this, the absorption starts to 
decrease in doped graphene. This phenomenon is called Pauli blocking: The 
photoexcited charge carrier can only transmit to a state that is not occupied by a 
charge carrier. The interband transition in graphene requires the initial state and the 
final state to keep the same kF, in order to satisfy the momentum conservation law, 
which means, the blue arrow shown in Fig. 2.2a has to be vertical. In addition, the 
length of the arrow represents the photon energy. All of these suggest that only those 
photons with energy larger than 2𝐸𝐸F can be absorbed by the doped graphene. Wang et 
al. (UC Berkeley) [58] and Mak et al. (Columbia Univ.) [59] studied the gate tuning 
of interband optical transitions in graphene, as shown in Fig 2.2b. The carrier density 
(thus the Fermi level) of the device is tuned by applying an ion liquid top gate voltage. 
The gate-induced change of transmission is plotted as a function of the incident 
photon energy. Due to Pauli blocking, the transmission spectrum shows a step-like 
shape, showing that the transmission is enhanced when the photon energy of the 
incident radiation is below 2𝐸𝐸F. The threshold energy is shifted due to the Fermi level 
drift by tuning the gate voltage. 
 
Figure 2.2 (a) An illustration of Pauli blocking in hole-doped graphene. (b) The gate-





energy of the incident radiation. The values of the gate voltage referenced to that for 
charge neutrality, for the curves -0.75, -1.75, -2.75 and -3.5V, from left to right. 
Figure from Ref. [59] 
 
2.1.2 Optical absorption due to intraband transitions 
The interband transition dominates the light-matter interaction in graphene in the 
visible and near infrared range. However, the situation is different for excitation with 
even lower energy in doped graphene, where the interband transition is forbidden due 
to Pauli blocking. The intraband transition, also called the free carrier response, 
determines the light-matter interaction in the long wavelength range. The ac 
conductivity of graphene changes its form when the photon energy is small. In this 
case, the long wavelength limit approximation can be used and charge carriers in 
graphene are treated as quasi-classical particles. The simplest way to calculate the 
long wavelength ac conductivity is to use the Drude model [60]: Assuming the 
momentum per electron under the external electric field ω  is t  at time t, then 
the momentum after a very small time interval dt can be written as d
ω d . There is a chance that the electron is scattered to another direction 
during this time interval with the possibility dt/τ, where τ is the electron scattering 
time. Assuming that the scattered electron can travel to any direction with the same 
possibility, only the unscattered electron needs to be considered. Therefore, the 
kinetic equation of the electron can be written as d 1 t






 )(                                                (2.5) 
For an electromagnetic wave, ω e , Eqn. (2.5) can be solved by assuming 
the electron momentum has the same time dependence. Combined with equations, 
which describe the current density , and the relation between the current 
density and external electric field 𝐽(ω) = σ(ω)𝐸�⃗ (ω), one can derive the frequency-
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where σ0 denotes the dc conductivity. It is usually convenient to define Drude weight 
𝐷 = πσ0/τ to express the Drude conductivity with microscopic material parameters. 
For conventional semiconductors and metals, the Drude weight is related to carrier 
density n and carrier effective mass m*: 𝐷 = π𝑛𝑒2/𝑚∗ . This expression requires 
careful modification in the case of graphene in which the effective mass 
approximation fails.  







−= ∫ τπ                         (2.7) 
Where τ is the relaxation time, v is the electron group velocity and f is the Fermi 
function. To evaluate this equation at T = 0, the relaxation time can be taken outside 
of the integral, since (− ∂𝑓
∂𝐸










τ                               (2.8) 
Based on Eqn. (2.8), the Drude weight can be calculated for electrons with an 
arbitrary dispersion relation. For a free electron system, ∂𝑣
ℏ∂𝑘
= 1/𝑚∗ . The Drude 
weight form 𝐷 = π𝑛𝑒2/𝑚∗ is then recovered by substituting this in Eqn. (2.8). 
Graphene is a two-dimensional system and its electron group velocity is vF. 










τ                               (2.9) 
Using Eqn. (2.9), graphene’s Drude weight is written in a different form: 𝐷 =
√π𝑛𝑒2𝑣𝐹/ℏ. The absorption due to the intraband transition can be expressed using 
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Eqn. (2.3). Assuming a suspended graphene sheet (n1 = n2 = 1) and graphene 
resistivity much larger than the impedance of the free space, Eqn. (2.3) is rewritten 
according to the long wavelength limit as: 
)](Re[)( 0 ωσω ZA =                                          (2.10) 
Wang’s group at UC Berkeley [61] measured experimentally the ac conductivity of 
graphene as a function of infrared frequency using far-IR spectroscopy technique, as 
shown in Fig. 2.3, which can be regarded as a scaled absorption spectrum. Spectra at 
different gate voltages are shown with a fit to the Drude model [53, 62]. The 
absorption increases with carrier density, because it gives a rise in σ0. For a fixed gate 
voltage, the absorption decreases with the increasing frequency. According to Eqn. 
(2.6), the spectrum actually shows half of a Lorentzian peak. The width of the peak is 
determined by the scattering time τ, which is related to the mobility of graphene and 
will be discussed more in following chapters. At zero frequency, the absorption is 
solely determined by the dc conductivity of the material. 
 
Figure 2.3 Change in the optical sheet conductivity of graphene in the infrared range 




Fig. 2.4 shows the theoretical optical conductivity of graphene over a broad range 
of frequencies calculated by Peres et al. (Univerisdade do Minho) [63], compared 
with the experimental result. [64] The plot summarizes the characteristics of the light-
matter interaction in graphene from far infrared to the optical range. The interband 
transition dominates from the optical to near-IR range, resulting in a frequency 
independent absorption. The interband-transition induced absorption is strongly 
reduced in the mid-IR range due to Pauli blocking. The intraband transition 
dominates the far-IR range, resulting in a frequency dependent absorption peaked at 
zero frequency, according to the Drude model. The gate voltage tunes the Fermi 
energy, determining the frequency where Pauli blocking happens, and the absorption 
at zero frequency depends on the dc conductivity [64]. These two properties are both 
related to the carrier density in graphene. The width of the Drude absorption in the 
far-IR is determined by graphene’s electron scattering time. 
 
Figure 2.4 Real part of the infrared conductivity including the effect of phonons, 
unitary scatterers and charged impurities. Solid lines: Theoretical curves. Dashed 
lines: Experimental data. Blue dotted lines show the boundaries (for the spectrum at 
Vg = 71 V) between Drude response (I), Pauli blocking (II) and the interband 






 2.2 Plasmon excitation in finite-sized graphene 
There is an assumption when treating the low frequency excitation in graphene 
using a Drude model, i.e. the graphene sheet is infinitely large in a 2D surface, which 
allows electrons move freely under the oscillating electric field of the incident 
radiation and are only scattered by phonons and other scattering centers of residual, 
which is the reason why the zero frequency absorption only depends on the dc 
conductivity of the sample. A real graphene sample always has finite size and in 
many cases, the dimension of it is only few microns, which means electrons driven by 
the oscillating electric field are not able to go further at the boundary of the sample if 
graphene is not connected to some conducting material. This results in a change of 
the absorption spectrum in the long wavelength range. 
To describe the light-matter interaction in a patterned graphene sample, the 
plasmonic behavior needs to be taken into account. In physics, a plasmon is 
a quantum of plasma oscillation. The plasmon is a quasi-particle resulting from 
the quantization of the plasma oscillation just as photons and phonons are 
quantizations of electromagnetic and mechanical vibrations, respectively. Thus, 
plasmons are described in the classical picture as an oscillation of free electron 
density with respect to the fixed positive charges in the material. The plasmon 
resonance can be excited by the external electromagnetic field if both their frequency 
(energy) and the momentum match with each other. Once the electromagnetic field 
satisfies the condition to excite plasmon resonance in the material, its absorption will 
be strongly enhanced. Plasmons have been studied extensively in metallic materials 
and are proposed to have broadband potential applications [65-67]. 
Similar to metallic materials, each carbon atom in graphene’s lattice has a π-
orbital electron, which can be regarded as a free electron, making it possible to couple 
the incident light into the electron system and excite the plasmon resonance. However, 
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graphene’s plasmon is different from the bulk plasmon in a 3D metal: Due to the 2D 
nature and low charge carrier density, the plasmon resonance peak of a patterned 
graphene is usually covered by far-IR or mid-IR frequencies [68, 69]. In addition, as 
massless Dirac fermions, charge carriers in graphene show a different dispersion 
relation (Eqn. 1.4) from free electrons in general materials, thus the strict 
consideration of the plasmon in graphene should take into account the quantum 
mechanics [70, 71]. However, as a long wavelength limit approximation, one can still 
use the classical analysis to treat the system to get the basic picture of plasmons in the 
monolayer graphene system. As shown in Fig. 2.5, an oblate spheroidal particle is 
used to describe a piece of graphene with the height to be 2c and the diameter to be 
2a. The dielectric constant of graphene and the medium are ε  and ε , respectively. At 
the end, I will let D0. The electron motion equation based on the Drude model (Eqn. 
2.5) is rewritten as:  
Eepp
  
                                             
(2.11) 
whereγ 1/τ denotes to the scattering rate. Let tieEtE  0)(

, one can solve for 











                                (2.12) 
 
Figure 2.5 Schematic of a piece of graphene flake with pancake geometry (d = 2a, h 








Next, one can describe the collective oscillation of electrons using the susceptibility: 
xneP

 . Therefore, the electrical displacement can be expressed as 
)(44 00 xneEPEED
i    . Using Eqn. (2.12), one can write 
















2 4  . 
For the spheroid geometry assumed at the beginning, the electric fields inside 
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 . For a resonance peak, one should have the denominator of the right 
side term in Eqn. (2.14) to be zero. Using Eqn. (2.13) and ignoring small terms, this 













                               
  (2.15) 
where t = 2c and D = 2a. The next step is to let t  0 and replace the carrier density n 
with the 2D carrier density n2, which needs to project the oblate spheroidal particle 
into the 2D surface as a round disk with the diameter D [72]. Therefore, the relation 
between n and n2 can be expressed as: , where π  and π . 
Then nt in Eqn. (2.15) are replaced with 3n2/2. Considering the real part of Eqn. (2.15) 
and replacing the effective mass of the electron by using the relation FF kmv  , one 











2                                       (2.16) 
Eqn. (2.16) shows the plasmon resonance frequency in a graphene disk with the 
diameter D, which is consistent with the experimental result [73]. More generally, 
one can use the full quantum mechanical treatment to calculate the plasmon 
dispersion relation in graphene with any kind of the shape. The result is consistent 









2                                    (2.17) 
where gs = gv = 2, corresponding to the spin and valley degeneracy, and q is the wave 
vector. 
It is found in Eqn. (2.17), the plasmon resonance frequency in graphene is 
proportional to q1/2, which is consistent with the normal 2D plasmons [74]. However, 
the carrier density dependence of R  shows a different behavior, i.e. instead of being 
proportional to n1/2 as the normal 2D plasmons, it is proportional to n1/4, which is a 
direct consequence of the relativistic nature of charge carriers in graphene. 
Finally, I include this plasmonic effect in the expression of patterned graphene’s 
ac conductivity and see how it changes the absorption spectrum in the far infrared 








                                       (2.18) 
Fig. 2.6 shows the schematic of Drude and plasmon spectrum of monolayer graphene, 
according to Eqn. (2.6) and Eqn. (2.18), respectively. Compared to the Drude 
response, the peak value of the plasmonic ac conductivity shifts from zero frequency 
to the plasmon resonance frequency, but the magnitude of the peak absorption does 
not change, which is still solely determined by the dc conductivity. Detailed analysis 
and related experimental results will be shown in following chapters. 
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Figure 2.6 Schematic shown the real part of the ac conductivity as a function of the 
frequency for a Drude response (black line) and a plasmon response (Red line). 
 
2.3 Photodetection mechanisms in graphene 
As a photodetector, the device should be capable of transferring the absorbed 
radiation energy to an electrical signal output. Some techniques to do this in 
traditional photodetectors have been reviewed in the first chapter. In this section, 
three main detection mechanisms reported in graphene will be introduced, i.e. the 
photovoltaic effect, the photothermoelectric effect and the bolometric effect. 
2.3.1 Photovoltaic effect 
The photovoltaic effect is nowadays a widely used mechanism to make 
photodetectors based on semiconductor materials. Similar to the photoconductive 
effect introduced in the previous chapter, the photovoltaic effect also requires the 
electron-hole pair generation in the material due to photon absorption. However, 
being different from the photoconductive effect, a photovoltaic detector can work 
without any bias voltage. The photo-excited electron and hole are driven to opposite 
directions due to the built-in electric field in the device and thus generates a 
photocurrent signal. 
The photovoltaic effect is the first reported photocurrent generation mechanism 
in graphene [75]. It is analyzed in detail in Ref. [76, 77], which report scanning 
photocurrent measurements in graphene-metal junctions. The results from Park et al. 
(Cornell Univ.) [76] are shown in Fig. 2.7: Since graphene is connected to metal 
electrodes, its Fermi level has to be aligned with the Fermi level of the contact, which 
corresponds to an electron band bending in graphene near the metal electrodes, as 
depicted in Fig. 2.7d. The bending band creates a built-in electric field, which drives 
photo-excited electrons and holes to opposite directions and generate an electrical 
signal. The radiation source in this measurement is a 532-nm laser, which provides 
photons with high enough energy to excite electrons from the valence band to the 
conduction band. 
 
Figure 2.7 (a) Optical image of a graphene device. (b) Four-probe resistance of the 
device. (c) Combined light reflection and photo-current image (ICA). (d) Schematic 
of the photocurrent generation in the device. Figure from Ref. [76] 
 
Another approach to build a bending band in graphene is to fabricate graphene pn 





comprising junctions between p-doped and n-doped regions. The built-in electric field 
is generated due to the Fermi level aligning of regions with different doping. 
The magnitude of the photovoltaic signal is determined by the photo-excited 
carrier density /
∗ , which can be expressed as [79]: /
∗ α τ / , 
where M is the carrier multiplication factor, α is the quantum efficiency, P is the 
radiation power, τ  is the carrier recombination time,  is the photon energy and 
 is the spot size (assuming the light is all focused on graphene). Although the 
photovoltaic effect is the earliest reported photodetection mechanism in graphene, it 
might be the least characterized one at this point, because it is complicated to 
determine τ  [80, 81]. In addition, theories and later experiments show that it is very 
possible that the photocurrent generated in a device like Fig. 2.7a is a signal due to 
combined effects [79] [82-85], i.e. the photovoltaic and the photothermoelectric effect, 
which makes it more difficult to understand the photovoltaic part. 
2.3.2 Hot electron photothermoelectric effect 
In solid state electronic devices, charge carriers can absorb energy through optical 
excitation or Joule heating and become “hot”. The term “hot” refers to the effective 
temperature used to model the carrier density, not to the overall temperature of the 
device. Hot carriers are out of equilibrium and will get relaxed either by phonon 
scattering or diffusion. 
As discussed in Chapter 1.2, graphene is an ideal material to study the hot 
electron effect, because of its weak electron-phonon coupling, strong electron-
electron interaction and small electron specific heat. In this section, I will firstly 
review the thermoelectric Seebeck effect briefly, which explains how hot carriers 
diffuse in the material to generate an electrical signal. Then the responsivity of a 
graphene based photothermoelectric detector will be estimated. 
A qualitative picture of the Seebeck effect is shown in Fig. 2.8: Assume there is a 
uniform metal stripe with free electrons inside. Charge carriers on one side of the 
stripe are continuously heated to create a temperature gradient of the electrons from 
the left to the right side. Free electrons start to diffuse according to the temperature 
gradient. Since electrons at the left side diffuse faster than the right side, more charge 
carriers will be accumulated at the right side when the system gets into equilibrium. 
This steady-state non-uniform charge carrier distribution results in a voltage across 
the metal bar. 
 
Figure 2.8 Schematic of the Seebeck effect in a uniform metal bar. 
 
The quantitative description of the Seebeck effect can be found in Eqn. (2.19), 







S(T)dTV                                               (2.19) 
The Seebeck coefficient is usually a constant for metals at a fixed temperature. 
Ignoring electron-phonon effects, the Seebeck coefficient can be determined from the 
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phonon coupling and other details of the device are ignored at this level, and the 
cooling is due to diffusion of electrons to the leads. According to Eqn. (2.19), a 
temperature difference ΔT results in a voltage V = -S ΔT. In addition, based on the 
Wiedemann Franz law, graphene’s electron thermal conductivity is written as: 
TL 
                                                    
(2.21) 
where L is the Lorentz number, thus, the steady state heat flux can be expressed as: Q 
= κ ΔT. Then Responsivity ≡ |V/Q| = (1/σEF)(dlnσ/dlnEF) ≈ 2/σEF. The responsivity is 
maximized at small EF and small σ. In realistic devices these quantities are limited by 
disorder; for graphene on SiO2 the minimal values are roughly σ = 0.2 mS and EF = 
50 meV [50, 88], giving a maximum responsivity of 2×105 V/W. This compares 
favorably with the commercially available room-temperature photodetectors, 
especially those working in THz range [14], such as pyroelectric detectors and Golay 
cells as introduced in Chapter 1. Notice that the responsivity is derived from a pure 
diffusive device. Practically, phonon scattering is accompanied with the carrier 
diffusion into the electrodes. Optical phonons of graphene [43] and remote surface 
polar phonons [89] (for SiO2 substrate) emission play a role in visible/near IR 
excitation. For long wavelength radiation, carriers are scattered by graphene’s 
longitudinal acoustic phonons. One can evaluate its effect on the responsivity of a 
graphene photothermoelectric detector by means of the carrier diffusion length, which 
is defined as ξ κ/ , where κ is the electron thermal conductivity as shown in Eqn. 
(2.21) and G is the electron-phonon thermal conductance. A theoretical calculation of 
G for mono- and bi-layer graphene is shown in Ref. [90]. Ref. [83] shows that the 
diffusion length of graphene with reasonable mobility at room temperature is ~ 7 μm, 
which is very favorable for realizing diffusively cooled devices at room temperature. 
However, more recently it was pointed out that disorder-assisted electron-phonon 
scattering may be important in graphene and in fact may dominate the hot electron 
cooling in low mobility graphene devices [91-93]. Traditional electron-phonon 
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scattering requires the momentum conservation, resulting in a severe constriction of 
the energy transfer due to a small Fermi surface size. In contrast, disorder-assisted 
scattering allows for arbitrarily large momentum of the emitted phonon. The entire 
thermal distribution of phonons can contribute to hot carriers’ relaxation, resulting in 
a more efficient energy transfer per collision, which is called supercooling. In this 
case, the diffusion length is expressed as ξ κ/ , where  is the thermal 
conductance to the lattice due to supercooling.  is strongly dependent on the 
disorder density and is proportional to T2 [92]. Several recent experiments have 
shown that the diffusion length of a graphene device with disorder is less than 1 μm at 
room temperature [92, 93], suggesting that to optimize the responsivity of a graphene 
based thermoelectric detector, the channel length of the graphene element should be 
confined to ~ μm level. 
2.3.3 Bolometric effect 
As another photodetection mechanism, the bolometric effect relies on the 
temperature dependence of the material’s electrical resistance. The device is biased to 
show a current change when it is heated by the electromagnetic radiation. 
The efficient thermal decoupling of electrons from the lattice and the small 
electron specific heat of graphene realize large light-induced changes in electron 
temperature, making graphene as a good potential candidate of sensitive and high 
speed bolometer. However, the temperature dependence of mono-layer graphene’s 
electrical resistance is weak, strangling the application of the bolometric effect. 
Several techniques are applied to achieve a temperature-dependent resistivity. One 
example shown in Fig. 2.10a is a dual-gated bilayer graphene device characterized by 
Yan et al. (Univ. of Maryland) [94]. Unlike the linear dispersion relation of 
monolayer graphene, bilayer graphene shows a quadratic dispersion relation with zero 
bandgap. Moreover, if there is an external electric field perpendicular to the bilayer 
sheet, the inversion symmetry in the graphene plane will be broken and a bandgap 
will be opened subsequently [95], resulting in a temperature-dependent resistance 
induced by the insulating state. The photoresponse is characterized at low temperature 
with a biased dc current as shown in Fig. 2.10b. The radiation source is a 658-nm 
laser. The optical and electrical responsivity of the device exceeds 1 × 103 V/W 
(referred to the power of the incident radiation) and 2 × 105 V/W (referred to the 
absorbed power), respectively. Other work [96] in disordered graphene bolometer 
shows even higher responsivity (optical: 1.6 × 105 V/W and electrical: 6 × 106 V/W) 
at 1.5 K. 
     
Figure 2.10 (a) Schematic of a dual-gated bilayer graphene device and electric-field-
effect gating. (b) Optical (blue) and electrical (red) responses as a function of dc 
current at T = 5.16K. Figure from Ref. [94] 
 
Lastly, I compare different photodetection mechanisms in graphene: The 
photovoltaic detector is predicted to work in a broad temperature range, although the 
sensitivity could be temperature dependent [80, 81]. There is a lack of experimental 
evidence to show the photovoltaic detection speed. For a doped graphene device with 
Fermi energy EF, there is a threshold photon energy 2EF, below which the electron-
hole pair will not be generated because the interband transition is forbidden. In 
contrast, the photothermoelectric detector’s responsivity is independent of the 





excitation energy. In principle, the radiation wavelength can be extended to arbitrarily 
large value. The sensitivity is high and independent of the temperature for a pure 
diffusive device. The response is predicted to be fast due to the extremely small 
electron specific heat. Similar to the photothermoelectric detector, a graphene 
bolometer also covers a broadband detection range with high sensitivity and fast 
speed. However, it usually relies on a more complicated device structure, and more 
importantly, it requires a temperature-dependent electrical resistance, which has so far 
only been realized at cryogenic temperature in graphene, limiting its application at 
room temperature. In summary, I found the photothermoelectric effect to be the most 
promising mechanism to make a graphene based room-temperature broadband 
photodetector. In following chapters I will discuss how to experimentally realize such 
detectors, and characterize their performance. 
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Chapter 3: Experimental techniques 
In this chapter, I summarize the device fabrication processes as well as the 
experimental set-ups used for characterizing the devices’ electrical and optical 
properties. Section 3.1 mainly focuses on device preparation. I first explain how to 
obtain and identify monolayer graphene. Then the processes for fabricating electrical 
contacts are introduced, especially the shadow evaporation technique, which is 
applied for making most of the devices in this project. In Section 3.2 I introduce the 
electrical transport measurement set-up, which is used to characterize the device’s 
electrical conductivity as a function of the gate voltage, as well as the device’s 
thermoelectric response to Joule heating. Starting from Section 3.3, I will describe 
experimental set-ups for characterizing the optical response of the devices. 
Continuous wave laser sources are used in the set-up introduced in Section 3.3 for dc 
photoresponse characterization, while pulsed laser sources are applied in Section 3.4 
for measuring the response time of the devices. The laser scanning microscope (LSM) 
is introduced in Section 3.5, which is capable of scanning a focused laser spot across 
the sample to probe the photoresponse of each part of the device. Last, in Section 3.6 
I will briefly explain the operation principle of the Fourier transform infrared 
spectroscopy (FTIR) and introduce the FTIR set-up used in this project to 
characterize the transmission spectra of large area graphene devices. 
 3.1 Graphene photodetector fabrication 
3.1.1 Preparation and characterization of monolayer graphene 
There are three main techniques to obtain monolayer graphene samples, i.e. 
exfoliation from the bulk graphite, epitaxial growth on SiC substrates, and chemical 
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vapor deposition (CVD) on metallic foil, all of which were used in my experiments. I 
will briefly review each technique next. 
As described in Section 1.2, graphene consists of carbon atoms, which construct 
hexagonal lattices in the two dimensional plane. Neighboring atoms are connected 
through robust covalent bonding. Graphite is composed of many layers of graphene, 
which are bonded by weak Van der Waals forces. Therefore, a top-down technique 
can be applied here by repeatedly cleaving thick graphite to get thin layers. A well-
known technique for exfoliating thin single crystals using an ordinary Scotch tape is 
used in my experiment, pioneered by Novoselov et. al (Univ. of Manchester) in 2005 
[97]: Bulk Kish graphite is mechanically exfoliated using Scotch tape repeatedly until 
the tape is covered with flakes of graphite. The area containing thin layers of freshly 
exposed graphite is then pressed onto a low doped Si (100 ~ 250 Ω·cm) substrate 
with 300 nm SiO2 on top as insulating layer. As the last step, the tape is removed and 
it is possible that monolayer graphene is left on the substrate, since the Van der Waals 
force between the substrate and the bottom layer of thin graphite may be slightly 
larger than the Van der Waals force between graphene layers. The size of exfoliated 
graphene is usually a few microns to a few tens of microns. It is worth emphasizing 
that the thickness of SiO2 is selected to be 300 nm, in order to enhance the 
interference of visible light and provide good optical contrast for thin films on it [97]. 
The optical micrograph helps to tell the layer number of the graphene flake, as shown 
in Fig. 3.1a. However, the contrast of the image may depend on the light source, the 
white balance of the image, and how well the light is focused. Therefore, to 
accurately characterize the layer number of the flake, Raman spectroscopy is usually 
applied [98]. As shown in Fig. 3.1b, the Raman spectra for graphene or graphite 
contain two characteristic peaks: a peak at ~ 1580 cm-1, which is called the G peak, 
and a peak ~ 2700 cm-1, which is called the 2D peak. The 2D peak of monolayer 
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between graphene and SiC, however, there is a lack of detailed discussion about this 
in the literature. 




































Raman shift (cm-1)  
Figure 3.3 (a) Raman spectrum of a monolayer epitaxial graphene on SiC. (b) Raman 
spectrum of the same device shown in (a) with the background response subtracted. 
Inset: Lorentzian fit to 2D peak. 
 
3.1.2 Photodetector fabrication – shadow evaporation technique 
The photodetector devices are fabricated using a standard electron beam 
lithography technique.  
Firstly, I will explain how to fabricate devices with exfoliated graphene and 
introduce the shadow evaporation technique. Detailed recipes and optical 
micrographs of devices in progress are provided in Appendix A. The fabrication 
process starts with locating alignment markers near the target monolayer graphene 
flake: A bilayer e-beam resist [methyl methacrylate (8.5%)/methacrylic acid 
copolymer (MMA), Micro Chem Corp.; and poly(methy methacrylate) (PMMA), 
Micro Chem Corp.] is spun onto the substrate (see Appendix A for recipe). A “cross” 
far away from the flake is then exposed by the electron beam. Afterwards, the sample 
is developed in PMMA and copolymer resist developer (IPA/MIBK 3:1, Micro Chem 
Corp.) for 45 seconds to remove the resist in the “cross” area. The “cross” is regarded 
as a coordinate base to roughly define the position of the graphene flake using an 
optical microscope equipped with digital coordinate readout. The sample is then 





a                                           b 
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inserted back into a SEM converted E-beam chamber (FEI XL-30). The “cross” is 
found through SEM imaging and the sample is moved to the position, where the 
graphene flake should be located, by the SEM mechanical stage. Usually, two sets of 
alignment markers are written subsequently using the Nanometer Pattern Generation 
System (NPGS) software control. The developing process is then repeated to remove 
the resist in the patterned area to show alignment markers. As will be shown in the 
next paragraph, with the assistance of the first set of the developed alignment markers, 
one will be able to fix the position of the graphene flake and write the pattern for 
metal electrodes deposition. When aligning the sample with the first set of alignment 
markers, the e-beam resist in the area around the markers can be overexposed or even 
crosslinked. Therefore, should the aligning process be repeated in the future, the 
second set of alignment markers will be used. 
The next step is to deposit metal electrodes, which contact to graphene and serve 
as part of the device. For a typical photodetector, at least two electrodes are needed 
(one as the signal output and the other is grounded). It will be shown in following 
chapters that it is essential to make the device asymmetric, so as to generate a net 
electrical signal even with uniform light illumination and zero bias current. In this 
project, the asymmetry in the device is realized via using different metal contacts. 
The traditional approach to deposit various metal electrodes is to repeat the e-beam 
writing and the subsequent metallization several times for each metal. One example is 
shown in Fig. 3.4: Firstly, the leads-like structures are patterned on the resist using e-
beam lithography, followed by a thermal evaporation of Au/Cr (4 nm/ 45nm) in high 
vacuum conditions (<10-6 Torr). The metalized sample is then put in acetone for few 
hours to lift off the resist. The same process is repeated two times more to deposit 
pure chromium (20 nm) electrodes on the left side and pure gold (25 nm) electrodes 
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Figure 3.5 (a-e) Lithographic steps of the shadow evaporation technique, as 
described in text. (f) Optical micrograph of the device. Inset: AFM image of the 
graphene flake contacted with dissimilar metal electrodes. 
 
Sometimes the monolayer graphene flake is directly connected with multilayer 
graphene sheets or there is a special requirement for the graphene flake’s geometry. 
In these cases, a final lithographic step is needed to etch graphene flake into some 
special shape. Etch masks are prepared by similar electron-beam lithography and 
resist developing techniques as described before except that only PMMA is used as 
the resist to achieve better resolution. Oxygen plasma (300 mTorr) is used in a dry 
etching system (Technics PE-IIA) to remove the portion of graphene which is not 
protected by the mask (see Appendix A for recipe). The resist mask is removed in 
acetone afterwards, leaving the mask pattern transferred to the graphene flake. 
CVD- or SiC-grown graphene is usually used to fabricate large area device in 
this project. The fabrication technique is slightly different from above for the 
exfoliated graphene due to the fact that graphene covers the whole chip: First, the 
device can be fabricated anywhere on the substrate and the precise alignment is 
unnecessary since the device’s size is large, so in many cases, the patterning of 
alignment markers can be omitted. Second, it is essential to isolate the region where 
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the device is planned to be fabricated from the rest of graphene, in order to avoid the 
detector being electrically shorted by the conducting graphene layer on the substrate. 
Therefore, at the very beginning of the fabrication, an etch mask is usually prepared 
to create a graphene island for further treatment. (Note that some large area devices 
also need alignment markers. In such cases, alignment markers will be patterned first, 
followed by the metal deposition. The positioning of the graphene island is 
determined with the assistance of the metalized alignment markers afterwards.) 
        
Figure 3.6 (a) A photodetector based on CVD-grown graphene on SiO2 substrate. (b) 
A photodetector based on epitaxial grown graphene on SiC substrate. 
 
Figure 3.6 shows two examples of large area graphene photodetectors. Fig. 3.6a 
presents a device based on CVD-grown graphene that is used for the time-domain 
THz response characterization. Many graphene channels (light sensitive part) are 
connected in series with dissimilar metal contacts (established using the shadow 
evaporation technique described above) to enhance the response and the electrodes 
are designed to be optimized for a time-domain measurement. Detailed information 
will be shown in following chapters. Fig. 3.6b shows a graphene photodetector 
prepared on SiC substrate. Similar to the one shown in Fig. 3.6a, many graphene 
channels are connected in series. When using as a detector, the top pad will be 





grounded and the bottom right pad serves as a signal output. One thing to be pointed 
out is the function of the bottom left pad, which is isolated from the light sensitive 
part of the detector: Since SiC is an insulating material, the back gating technique 
does not apply to the device shown here. To tune the carrier density in the graphene 
sheet, a polymer electrolyte top gate is prepared. To prepare the electrolyte, LiClO4 
and polyethylene oxide (PEO) are mixed in the weight ratio 0.12:1, and the mixture is 
dissolved in methanol. A sharp wood stick is used to put a small droplet on the device, 
which covers the whole light sensitive part of the device and most area of the metal 
pad in the bottom left of Fig. 3.6b. The top gate voltage is then applied to the naked 
part of that pad, pushing or pulling the mobile ions (Li+) in the electrolyte. The 
resulting high capacitance of electrochemical double layer formed between surface of 
the sample and accumulated ions can tune the carrier density in graphene over a wide 
range [51]. 
3.2 Transport measurement set-up 
The transport properties of graphene photodetectors are characterized by a dc/ac 
set-up using a dc source&meter (Keithley 2400)/lock-in amplifier (SR 830 or EGG 
7260). The schematic is shown in Fig. 3.7. A two-probe dissimilar metal-contacted 
device is taken as an example: One electrode (drain) is grounded and the other 
(source) serves as the bias input. The substrate is connected to a Keithley 2400 for 
applying the gate voltage to tune the carrier density of graphene. Another Keithley 
2400 can be directly connected to the device as a tunable dc bias voltage source and it 
measures the dc current through the device simultaneously, in order to measure the I-
V characteristic of the device. In comparison, a lock-in amplifier generates sinusoidal 
current flowing through the device, and measures the voltage whose frequency 
matches that of the excitation signal. When using the lock-in amplifier to characterize 
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Systems C-Fiber 780 Fiber Lasers. This is a fiber laser system with 780 nm and 1.56 
μm outputs. The custom 1.56 μm output is used in the measurement. Unlike previous 
two laser sources, this system provides pulsed excitations with the pulse width ~ 60 fs 
and the repetition rate 100 MHz. The average power of the beam can be tuned up to ~ 
50 mW. The photoresponse is characterized by illuminating the detector with a 
chopped laser beam and detecting the open-circuit photovoltage signal using a 
voltage preamplifier and lock-in amplifier. The detecting frequency of the lock-in 
amplifier is locked by the chopper’s rotating frequency input. The reason for 
chopping the laser is to apply the lock-in technique, in order to read the signal at the 
selected frequency, avoiding background noise from other frequencies. The beam is 
focused on the detector using a glass lens (for near-IR excitation) or a Si lens/a gold 
paraboloid (for THz excitation) with the beam size a few hundred microns in 
diameter. For some devices (especially those covered by the electrolyte top gate on 
the front surface), the radiation is sent from the back side of the substrate to enhance 
the absorption. For THz photoresponse characterization, a beam splitter is mounted to 
take part of the radiation into a reference bolometer, which is used to monitor the 
power intensity of the source, since the THz laser is very sensitive to humidity, 
environmental temperature, and any mechanical vibrations. For the near-IR pulsed 
excitation, the device is mounted in a continuous flow cryostat system (Janis 
Research) to characterize the temperature dependence of the photoresponse from 
room temperature down to ~ 10 K. 
3.4 Time-domain photoresponse measurement set-up 
This dc photoresponse setup is used to characterize the steady state responsivity 
of the device, which is defined as the magnitude of the signal divided by the radiation 
power, to CW excitation. For a pulsed excitation, the setup automatically averages the 
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device’s response time τr, the device would have been relaxed from the first excitation 
when the second one arrives. In this case, each pulse generates V0 independently and 
the total signal is Vt =2V0. If τd is comparable to or much smaller than τr, then they 
can be regarded as one big pulse with the power 2P0. As shown in Fig. 3.9b, due to 
the nonlinear nature of the device, the total response then should be written as: Vt = V1 
< 2V0. Therefore, one should be able to measure the response as a function of the 
delay time of pump and probe pulses to characterize the response time of the detector. 
Compared to the direct time-domain measurements, which will be shown in the 
next section, there are several advantages of the pulse coincidence technique: 1. The 
signal measured is the dc photoresponse, therefore the lock-in technique is applicable, 
eliminating a lot of broadband pick-up noise. 2. There is no requirement for very high 
pulse energy, since even a tiny signal can be accurately characterized with the 
assistance of a voltage preamplifier and the precise readout of the lock-in amplifier. 3. 
The measurement of a fast response (for graphene detectors, the response time is as 
small as ~ 10 ps) is transferred to a quasi-dc measurement, so the upper limit 
determined by the bandwidth of the equipment does not make a restriction anymore. 
However, this technique requires nonlinearity in the device to show a different 
magnitude of the response when two pulses overlap each other, which is a drawback 
if the device is linear. 
3.4.2 Broadband direct-time-domain-readout photoresponse measurement set-up 
As discussed in previous section, the pulse coincidence technique characterizes 
the intrinsic response time of the device, which is solely determined by the speed of 
the thermal process in graphene, showing the physical limit of the device’s response 
time. The speed of a real device relies not only on the intrinsic response time, but is 
limited by e.g. the RC time constant of the device and leads as well. Therefore, to 
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reaching a spot size of a few microns and approximately 1 mm for optical and THz 
radiations, respectively. 
A typical device for direct time domain readout is shown in Fig. 3.10, whose 
leads are designed to be very symmetric, in order to avoid picking up noise from the 
environment. The pads of the device are contacted by a three-tip radio-frequency 
ground-signal-ground probe. The output photoresponse signal is recorded using a 
high speed (bandwidth = 40 GHz) sampling oscilloscope. 
3.5 Scanning photocurrent measurement set-up 
The scanning photocurrent measurement set-up is built mainly based on a 
confocal laser scanning microscope (LSM), which images the device and illuminates 
it with a sharply focused laser beam simultaneously, and is therefore able to 
determine the photoresponse of each part of the device. 
As shown in Fig. 3.11, a focused laser spot of nominally 1 μm diameter is 
scanned over the sample using a set of two galvano-mirrors. A long working-distance 
objective lens is used to focus the light onto and to gather the reflected light from the 
sample. The reflected light is directed to a Si photodiode, which measures the 
reflected light at each pixel. In addition, part of the beam is taken into a CCD camera, 
so that one can easily view the relative position of the beam spot to the sample [108]. 
The wavelength of the source is 638 nm in this experiment and the photodetection 
electronics is the same as described in Section 3.3. The sample is fixed in a chip 
carrier with silver paint. 
     
Figure 3.11 Experimental set-up for scanning photocurrent measurement. 
3.6 Fourier transform infrared spectroscopy set-up 
Fourier transform infrared spectroscopy (FTIR) [109] is a powerful technique in 
optics to obtain an infrared spectrum of absorption, transmission, reflection, emission 
or photoconductivity of a solid, liquid or gas. An FTIR spectrometer simultaneously 
collects high spectral resolution data over a wide spectral range. In this project, the 
FTIR technique is used to extract the transmission information of various graphene-
metal nanostructures in the far infrared range, which is very useful in determining the 
absorption of the device, and thus the intrinsic responsivity (referred as the signal per 
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a copper plate (shown in Figure 3.12b) with a 2 mm diameter aperture. The mounted 
sample is placed in vacuum at room temperature and is uniformly illuminated by the 
incident beam of 8 mm in diameter. The sample aperture is strongly overfilled to 
minimize spectrometer diffraction losses at low frequencies. Another copper plate 
with an identical aperture is aligned with the sample holder plate, which can be used 
to check the transmission, in order to monitor the power drift of the radiation source. 
Sometimes an electronically controlled rotating wire grid polarizer is placed in front 
of the sample to probe device’s response at different polarizations. Finally, the 
transmission through the device is detected by a 4 K silicon composite bolometer. 
Fig. 3.12c shows a typical transmission spectrum of a bare low doped Si 
substrate with double side polished SiO2 (300 nm), which is used in this project to 
fabricate many devices. From 30 cm-1 to 400 cm -1, ~50% of the beam power gets 
transmitted due to the reflection on silicon surface. Around 450 cm-1, there is a dip in 
the spectrum corresponding to the light-phonon interaction in SiO2. The feature 
around 120 cm-1 is due to the pick-up noise from the environment. Since the 





Chapter 4: Broadband photoresponse characterization of bi-
metal contacted graphene photodetectors (CW excitation) 
This chapter focuses on the broadband photodetection in exfoliated monolayer 
graphene devices on low doped silicon substrates. The shadow evaporation technique 
(as introduced in Section 3.1.2) is used to deposit dissimilar metal contacts for 
creating asymmetry, in order to generate a net response even with uniform 
illumination. The steady-state photothermoelectric response is measured from optical 
to far infrared range with CW excitation. The intrinsic and extrinsic responsivity and 
the noise equivalent power of the detector in THz range are characterized. The 
thermoelectric response is also characterized by the Joule heating technique, and 
compared with a diffusive model taking into account various asymmetric contact 
effects. 
4.1 Scanning photocurrent measurement 
As introduced before [76, 77], the scanning photocurrent technique has been a 
widely used method to probe the light-matter interaction in graphene, spawning 
interest in graphene-based optoelectronics devices. In previous works [76, 77] the 
local photoresponse was studied in graphene devices contacted with a single type of 
metal. In this work, similar measurements are performed on a bi-metal contacted 
graphene photodetector, in order to answer several questions: 1. Is there a 
photoresponse of the detector to uniform illumination? 2. How does each part of the 
device respond to the focused beam spot? 3. Is there any difference between the 
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I conclude from this work that the light sensitive part of a bi-metal contacted 
graphene photodetector is the graphene-metal junction. Dissimilar metal contacts help 
to generate a net photocurrent signal when the device is uniformly illuminated by a 
defocused visible light beam. As there is no special requirement of the spot size of the 
radiation, such devices are compatible with long wavelength (THz) photon detection. 
The photoresponse is not quantitatively characterized in this experiment, since the 
signal could be generated from any of several mechanisms for visible excitations 
(photovoltaic and photothermoelectric effect in graphene, the metal contact’s 
absorption, etc.). A quantitative estimate of the detector’s responsivity due to the 
photothermoelectric effect will be shown in following sections. 
 4.2 Broadband room-temperature photothermoelectric response 
4.2.1 Thermoelectric effect in graphene contacted with dissimilar metals 
Next, I will focus on broadband photodetection in graphene based devices via the 
photothermoelectric effect, especially on room-temperature THz detection. As 
previously discussed in Chaps. 1-2, graphene has unique advantages for hot-electron 
photothermoelectric detection, which can be used to detect electromagnetic radiation 
all the way down to very low frequencies (THz range). Hot electron effects have been 
exploited in graphene for sensitive bolometry in THz and millimeter-wave at 
cryogenic temperatures, by using temperature-dependent resistance in gapped bilayer 
graphene [94], which is sizable only at low temperature, or noise thermometry [110], 
which requires complex RF electronics. In contrast, the photothermoelectric approach 
used in this work is temperature insensitive and produces an observable dc signal 
even under room temperature conditions. 
Similar to the previous section, the device consists of an exfoliated graphene 
flake on low doped Si (100~250 Ω·cm) substrate with 300 nm coated SiO2 contacted 
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with dissimilar metals on both sides, realized experimentally through standard 
electron beam lithography and the shadow evaporation technique (20 nm chromium, 
followed by 20 nm gold deposition). The optical and atomic-force micrographs of the 
monolayer graphene device are shown in Fig. 3.5f. Two metal electrodes, each 
consisting of partially overlapping Cr and Au regions, contact the monolayer 
graphene flake. The 3 µm × 3 µm graphene channel is selected to be shorter than the 
estimated electron diffusion length [83]. 
Fig. 4.4a shows the schematic of the detector in cross section. Figs. 4.4b-e 
illustrate a simplified photothermoelectric model of the asymmetric device, which 
shows the principle of the detector’s operation, when it is uniformly illuminated by 
the incident radiation (a detailed discussion will be given in Section 4.4): Electrons in 
graphene are heated by the incident light and the contacts serve as a heat sink, 
resulting in a non-uniform electron temperature T(x) as a function of position x within 
the device (Fig. 4.4b). Due to different metal contacts, the Fermi energy profile (Fig. 
4.4c) is asymmetric across the device. Consequently, the Seebeck coefficient (S; Fig 
4.4d) profile becomes asymmetric as well according to Eqn. (2.20). Diffusion of hot 
electrons creates a potential gradient  (Fig. 4.4e). The total signal 
is the integral of  over the device length (area under the curve in Fig. 4.4e), and 
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is sketched in Fig. 3.7. A dc voltage is applied across the electrodes and the resulting 
current is I1 = I + Ithermal and I2 = –I + Ithermal where I1 and I2 correspond to different 
polarities of the applied voltage ±V, and I is the expected Ohmic current generated by 
the bias voltage neglecting the thermoelectric effect, which changes its polarity 
according to the dc bias voltage, and Ithermal is the current due to the thermoelectric 
effect, whose magnitude depends on the Joule heating power. The polarity of the 
thermoelectric current depends on the intrinsic property of the device, rather than the 
polarity of the bias voltage. The applied voltage is 0.2 V and the Joule heating power 












                          (4.1) 
It is verified that Ithermal is much less than I in the measurement. 
The ac second harmonics technique characterizes the thermoelectric response to 
ac Joule heating. The set-up is shown in Fig. 3.7 and the operation principle is as 
follows: An ac bias current Iac(t) = I0sin(ωt) at frequency ω = 15.7 Hz is applied to the 
device. Measurements are made in the regime where the thermoelectric voltage is 
much smaller than V0, the amplitude of the applied voltage. The observed 
thermoelectric voltage V(t) is proportional to the absorbed power, P(t) = (GV0
2/2)[1 - 
cos (2ωt)] where G is the conductance. This second harmonic component of the 
voltage V2ωcos(2ωt) is detected by a lock-in amplifier giving the responsivity: 
)/(2 202 IGVR                                                  (4.2) 
Although Eqn. (4.1) and (4.2) measure R in different ways, the signal is generated 
from the same physical origin, which is confirmed by characterizing the dc and ac 
thermoelectric response simultaneously in a similar device mounted in vacuum as 
shown in Fig. 4.5. The dc and ac thermoelectric responses shown in Fig. 4.5 are very 
similar to each other. 
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Figure 4.5 The thermoelectric response measured using dc rectification (black dots) 
and ac second harmonics (red line) technique on another similar device. 
 
4.2.2 Broadband room-temperature photodetection 
Fig. 4.6 summarizes the results of the Joule heating measurements and the 
broadband photodetection. For the THz excitation, the experimental set-up is 
described in Fig. 3.8. The device is uniformly illuminated with a chopped continuous 
wave THz laser, whose wavelength is 119 μm and the chopping frequency is 331 Hz. 
The open-circuit photovoltage signal is detected by using a voltage preamplifier 
(Bandwidth: 10 Hz ~ 10 kHz, Gain: 10k) and lock-in amplifier. The near IR 
photoresponse is characterized in a similar way, except that the source is replaced 
with a 1.54 μm fiber-coupled CW near IR laser as described in Section 3.3. The 
responsivity R of the detector, which is defined as the ratio of signal voltage to the 
absorbed power, is characterized to dc (Fig. 4.6b) or ac (Fig. 4.6e), near infrared (1.54 
µm) (Fig. 4.6f), and THz (119 µm) (Fig. 4.6c) excitation. In order to better compare 
the response across such disparate wavelengths, the responsivity is defined using the 
absorbed power, rather than the incident power. For broadband photodetection, the 
device absorbs only a small fraction of the incident near-IR/THz power (it will be 
shown in the following section how I characterize the spot size and the power 
intensity of the beam, and how I estimate the quantum efficiency of the detector). 
While the absorption is low (on order a few percent) it could in principle be increased 
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by using multilayer graphene, using an antenna, or tailoring a plasmonic resonance in 
graphene to match the incident frequency (as I demonstrate in Chapter 7). Thus the 
results referenced to absorbed power highlight the ultimate potential for this device 
scheme. However, as it will be discussed later, even the unoptimized device shown 
here with no antenna has performance referenced to incident power that is unrivaled 
in its combination of speed and sensitivity. 
















































































Figure 4.6 Broadband thermoelectric responsivity of graphene photothermoelectric 
detector. (a,d) Electrical conductance, (b,e) responsivity to Joule heating, and (c,f) 
responsivity to radiation as a function of gate voltage for the device shown in Fig. 
3.5f at room temperature and in ambient environment. Responsivity to Joule heating 
was measured at dc in (b) and at 15.7 Hz using the second harmonic technique in (e). 
Panel (c) shows responsivity to 119 μm wavelength THz radiation and panel (f) 
shows response to 1.54 μm infrared radiation. 
 
Fig. 4.6a shows the two-probe conductance G as a function of gate voltage Vg 
measured from the point of minimum conductance Vg,min = 42 V. The effective charge 
carrier mobility is derived to be 1,500 cm2/Vs from this measurement, likely an 
underestimate of the true mobility due to inevitable contact resistance in the two-
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probe geometry. Fig. 4.6b and 4.6c plot the responsivity R(Vg) as a function of gate 
voltage for dc Joule heating and THz excitation, respectively.  
Comparing Fig. 4.6b and 4.6c, it is found for both excitations, the peak 
responsivity appears at low carrier density, changes sign at Vg - Vg,min = -20V and is 
small at large negative Vg. The overall shape and magnitude are comparable, 
suggesting that both signals are generated from the same mechanism – the hot carrier 
thermoelectric effect. The THz responsivity is slightly larger than dc, possibly 
reflecting a slight overestimation of the THz absorption due to (1) neglected contact 
resistance in estimating graphene’s conductivity or (2) inhomogeneity, which causes 
the average conductivity to be greater than the inverse of the average resistivity. 
At a later time (after 150 days) I measured the conductance and responsivity to ac 
Joule heating and near IR illumination of the same device, shown in Figs. 4.6d-f. 
According to Fig. 4.6d, the charge neutral point drifts to Vg,min = 80 V and the 
conductance becomes somewhat lower, suggesting that the device has degraded 
slightly. 
Now I continue to compare the data shown in the left and right columns shown in 
Fig. 4.6: The responsivity under ac Joule heating (Fig. 4.6e) is lower than previously 
measured (Fig. 4.6b) but shows similar functional form, suggesting the degradation of 
the device has attenuated the thermoelectric response. The near IR responsivity is 
much lower than the far IR responsivity, possibly indicating the importance of optical 
phonon emission [45] in hot carrier relaxation for excitation energies exceeding the 
optical phonon energy (~160 meV). The near IR responsivity shows a different gate-
voltage dependence, possibly due to contribution of the photovoltaic effect [76, 111] 
or due to the thermoelectric response produced by the light absorption in the contact. 
The photoresponse of the device to near IR radiation will be revisited in following 
chapters. Fig. 4.6b, c, e, f together show that the thermoelectric signal persists from 
dc to near infrared frequency with comparable responsivity, implying that the 
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photothermoelectric effect is a promising mechanism for extraordinarily broadband 
detection of radiation. 
4.2.3 Power dependence of the thermoelectric response 
The thermoelectric response in a diffusive device is assumed to be linear, since 
both the electron thermal conductivity and the Seebeck coefficient of graphene are 
proportional to the temperature according to the Wiedemann-Franz law and the Mott 
relation, respectively. It is useful to check the power dependence of the signal and 
further confirm that the detector works based on the thermal effect and in the linear 
regime. 
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Figure 4.7 Power dependence of the thermoelectric signal to (a) Joule heating, (b) 
near infrared excitation, and (c) THz excitation at selected gate voltages. Gate 
dependent responsivity for different excitation powers are shown in (d) and (e) for 
Joule heating and near infrared excitation, respectively. 
 
Fig. 4.7a-c shows the power dependence of the response for Joule heating, near-
IR and far-IR radiation at a randomly selected gate voltage respectively. The data is 
taken on one device for Fig. 4.7a-b and on another device for Fig. 4.7c. Both devices 
are similar to the one shown in Fig. 3.5f fabricated using exfoliated graphene and the 
shadow evaporation technique for bi-metal contacts. The red solid line in each figure 
is a proportional fit to the experimental result. Fig. 4.7a-c shows that the voltage 
response is proportional to the absorbed power (i.e. the responsivity is independent of 
power) over a power variation of 3 orders of magnitude at fixed gate voltage. For 
Joule heating and near infrared excitation, a gate scanning of the thermoelectric 
response at different excitation power input is further performed. The responsivities 
as a function of the gate voltage for different powers are shown in Fig. 4.7d-e. It is 
observed that all curves in Fig. 4.7d and 4.7e coincide with one another, suggesting 
that the responsivity of the device is independent of the absorbed power at all applied 
gate voltages, verifying that the device is operating in the linear regime at room 




4.3 Noise-equivalent power of the graphene photodetector 
Noise-equivalent power (NEP) is a measure of the sensitivity of a photodetector. 
It is defined as the signal power that gives a signal-to-noise ratio of one in a one hertz 
output bandwidth [112]. NEP is a very important characteristic parameter of a 
detector: It is equal to the noise spectral density divided by the responsivity, thus, a 
smaller NEP corresponds to a more sensitive detector. Here, the responsivity can be 
either referred to the absorbed power or the incident power, corresponding to the 
electrical NEP or optical NEP, respectively. The optical NEP is equal to the electrical 
NEP divided by the optical coupling efficiency of the detector. Both electrical NEP 
and optical NEP of the bi-metal contacted graphene detector are characterized in this 
work. 
4.3.1 Incident power and absorbed power 
In this section, I will first explain the method used to calculate the incident power. 
The total incident power of the beam is measured by a silicon bolometer at a 
temperature of 4 K or a thermopile (calibrated at NIST, Boulder) for THz excitation, 
and by a power meter (PM100A-Compact Power Meter, Thorlab) for near infrared 
excitation. However, as shown in Fig. 3.5f, the light sensitive part of the device (few 
microns) is usually much smaller than the spot size of the beam, therefore, only a 
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where Vbg is the background signal due to electrical pick-up and other noise sources, 
w the Gaussian width, V0 the Gaussian amplitude, and r is the distance to the center of 
the device. As shown in the inset of Fig. 4.8, the graphene flake’s size is ~ 2.0 μm × 
2.1 μm. For convenience of calculation, I approximate its shape as a disk with the 
same area (radius 1.16	μm). Considering the total incident power P0 = 17 mW 
(measured by a thermopile), the effective power Peffective shining on device’s active 























                           (4.4) 
The effective incident power for near infrared excitation can be calculated in the same 
way as shown above. 
Next the quantum efficiency of the device (optical coupling efficiency) will be 
discussed. As introduced in Section 2.1.1, the absorption of monolayer suspended 
graphene to visible (or near-IR) radiation is ~ 2.3%, according to the interband 
transition. The device shown here, however, is located on a SiO2/Si substrate. Since 
the thickness of SiO2 is 300 nm, comparable to the wavelength of the near-IR 
excitation, multiple reflections in the sandwiched structure need to be considered. The 
cross sectional view of the device is simplified as shown in Fig. 4.9. Air, SiO2 and Si 
are numbered as medium 0, 1 and 2. The thickness of graphene is neglected and Si is 
taken to be infinitely thick. The air-SiO2 and SiO2-Si boundaries are labeled as I and 
II, respectively. The electric field of the incident beam is defined as EiI. 
Correspondingly, the electric fields of the total incident, reflected and transmitted 
radiation at two boundaries are named in the same way. The arrows are plotted tilted 
in the figure to help following the propagating direction of the radiation, however, a 
normal incidence is assumed in the calculation. 
 
Figure 4.9 Schematic shown the propagation of a polarized near infrared radiation in 
a air-Graphene-SiO2-Si layered structure. 
 
Define γ0,1,2 = �
ξ0
µ0
𝑛𝑛0,1,2 , where ξ0  and µ0  are the vacuum permittivity and 
permeability, and n is the refractive index of the medium. The total electric and 
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Define h = n1d, where d is the thickness of SiO2, then the phase shift of the beam 
















tIiII                                                (4.7) 








































The matrix in Eqn. (4.8) is called the characteristic matrix, which relates the fields at 
the two adjacent boundaries. This can be extended to multilayer structures. According 
to Eqn. (4.5), (4.6) and (4.8), the reflection coefficient, which is defined as r = ErI/EiI 
can be derived. The real absorption in the device depends on the total electric field on 




iIrIiI  EEE ）（                           (4.9) 
by taking the thickness and the refractive index of SiO2 to be 300 nm and 1.44, 
respectively. 
The absorption for the THz excitation is easier to deal with, since the thickness of 
the SiO2 layer is much smaller than the wavelength of the radiation and thus can be 
ignored. The system is then be approximated as a thin film of graphene sheet 












                                          (4.10) 
where n1,2 is taken to be 1 and 3.42 for air and Si, Z0 = 377Ω and σ(ω) is the ac 
conductivity of the graphene sheet, which can be derived from Eqn. (2.6). For the 
THz excitation, the imaginary part of σ(ω) can be neglected and thus replaced by the 
dc conductivity σ0, which is characterized through the transport measurement. The dc 
conductivity σ0 depends on the carrier density, thus the quantum efficiency is gate 
dependent. Assuming σ0 equals 0.2 ms, the quantum efficiency is ~ 1.5 %. 
4.3.2 Noise source and NEP measurement 
In electronics, noise is a random fluctuation in an electrical signal, a 
characteristic of all electronic circuits [114]. Before characterizing the noise 
experimentally, it is necessary to theoretically discuss the origin of the noise in a 
detector, or more generally, in an electrical circuit. The calculated noise represents 
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the limit sensitivity of a device. To compare the measured noise with the theoretically 
calculated value helps to better understand how well the device works and if there is 
any possibility for the device’s quality improvement. 
Different types of noise have been demonstrated to exist in electrical systems. 
The thermal noise, also called Johnson-Nyquist noise [114], is an unavoidable noise, 
which is the electronic noise generated by the thermal agitation of the charge carriers 
(usually the electrons) inside an electrical conductor at equilibrium, which happens 
regardless of any applied voltage. The RMS voltage per unit bandwidth of the 
Johnson-Nyquist noise is theoretically predicted to be (4kBT/G)
1/2, where kB is the 
Boltzmann constant and G is the conductance of the device. This is frequency 
independent and suggests the Johnson-Nyquist noise exists as long as there is a 
resistance in the device. Another type of noise, which occurs almost in all electronic 
devices, is the flicker noise, also referred to as 1/f noise or pink noise, since it is 
proportional to 1/fa, where 0 < a < 2. The third type of noise is shot noise, which is 
caused by unavoidable random statistical fluctuations of the electric current when the 
charge carriers traverse a gap. In the device presented here, the photoresponse is 
detected by measuring an open circuit photovoltage, without generating any dc 
current through the device. Therefore, shot noise can be excluded. Lastly, in detectors 
relying on thermal effects, it is often necessary to consider phonon noise, which arises 
from the random exchange of energy between a thermal mass and its surrounding 
environment. The random exchange of phonon leads to fluctuations in temperature 
and hence fluctuations in temperature-dependent quantity being detected, i.e. 
resistance (in a bolometer) or thermopower (in our devices). However, I believe the 
thermoelectric graphene photodetector introduced here works solely based on hot 
electron diffusion. As discussed in previous chapters, the electron-phonon coupling in 
graphene is weak. Thus, I expect that phonon noise does not play a role in 
determining the noise floor in the present device. In addition, there are some other 
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noise types, which are either irrelevant or much weaker than the thermal noise, so 
they will not be discussed in detail. 
The noise floor of the graphene photodetector is experimentally measured using 
the same set-up as for the THz photoresponse characterization with the beam blocked, 
so only the noise will be recorded by the detecting electronics. The device’s optical 
micrograph is shown in the inset of Fig. 4.8. The flicker noise is checked first by 
measuring the noise as a function of the chopping frequency (locked frequency in the 
lock-in amplifier) without applying any gate voltages. 
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Figure 4.10 Frequency dependent noise floor of a bi-metal contacted graphene 
photodetector. 
 
As shown in Fig. 4.10, neglecting fluctuations and several peaks at some special 
frequencies (due to electrical pick-up of the 60 Hz line frequency and other harmonic 
frequencies), the noise monotonically decreases with the increasing frequency at low 
frequency. Above 100 Hz however, the noise is nearly frequency independent, 
suggesting that the flicker noise can be ignored. Therefore, the chopping frequency is 
selected to be 331 Hz for further characterizations such that the contribution from 
flicker noise is negligible. 
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Figure 4.11 Noise equivalent power of graphene photothermoelectric detector. (a) 
Responsivity to 119 μm wavelength THz radiation, (b) measured noise (black dotted 
line) and calculated Johnson-Nyquist noise (red dotted line), and (c) measured noise 
equivalent power (NEP) as a function of gate voltage for the device shown in the 
inset of Fig. 4.8. The blue line corresponds to NEP = 16 pW/Hz1/2. NEP is plotted in 
log scale. 
 
Fig.4.11 displays the experimentally measured NEP of the device shown in the 
inset of Fig. 4.8 as a function of the gate voltage. Fig. 4.11a shows the gate-voltage-
dependent responsivity; the peak responsivity to THz excitation is 715 V/W, which is 
the highest sensitivity among all measured devices. Fig. 4.11b shows the measured 
noise versus the gate voltage with no THz excitation (black dotted line) and the 
calculated Johnson-Nyquist noise floor (4kBT/G)
1/2 (red dotted line), where T = 300 K 
is room temperature and G is the conductance acquired from a two-probe transport 
measurement. The measured noise and calculated Johnson-Nyquist noise match well 
with each other and have similar gate dependence, suggesting that the dominant noise 
in the device is Johnson-Nyquist noise. The experimental noise slightly exceeds the 
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calculated result, possibly because part of the noise is contributed by the 
measurement electronics, but the fact that it is very close to the theoretical limit 
indicates that nearly Johnson-Nyquist noise-limited performance is attainable. 
Dividing the measured noise by the responsivity at each gate voltage, the 
experimental NEP is then plotted in Fig. 4.11c. The NEP diverges near Vg – Vg, min = 
13 V, where the photoresponse approaches zero. It reaches a minimum level of 16 
pW/(Hz)1/2 at peak responsivity, which is the best measured NEP among all devices. 
4.4 Photothermoelectric model for a diffusive device 
In this section, a photothermoelectric model will be introduced to qualitatively 
explain the response of the device shown in Fig. 3.5f to the THz excitation. As 
illustrated in Chapter 4.2.1, photo excited hot electrons diffuse from the center part of 
the graphene flake to the metal electrodes, and asymmetric metal contacts give rise to 
a net photovoltage signal across the device. Next I model the response of the device 
considering three sources of asymmetry and quantitatively obtain their influence on 
the thermoelectric signal. I consider two effects in the models: (1) asymmetry due to 
the contact metals, including pinning of the chemical potential at the graphene/metal 
interface and the long-ranged electrostatic effect of the nearby metal on graphene due 
to their different work functions [115], and (2) asymmetry in contact resistance [116]. 
The first effect is inevitable in the dissimilar-metal contacted devices. Additional 
scattering in graphene caused by metal near the contact may contribute to additional 
contact resistance [116] and it is reasonable to suppose that this effect may be 
asymmetric for different contact metals. 
       
Figure 4.12 Schematic shown the asymmetrical Seebeck coefficient profile across the 
device due to (a) chemical potential pinning by the metal contacts and (b) extra 
contact resistance caused by addition scattering in graphene. 
 
Fig. 4.12a and 4.12b describe the schematics of both effects separately. As shown 
in Fig. 4.12a, the Fermi level of graphene can be tuned by applying a gate voltage to 
the device. However, near the contact electrodes, graphene’s chemical potential is 
pinned by the metal, and thus the Fermi energy, as well as the conductance, is 
different and not tunable near the contacts. According to the Mott relation, the 
Seebeck coefficient profile across the device then becomes asymmetric due to the 
chemical potential pinning by dissimilar metals. As a result, a net thermoelectric 
response is generated, even though the temperature profile is symmetric due to the 
uniform illumination. 
Fig. 4.12b shows the effect of additional resistance in graphene near one 
electrode. The Wiedemann Franz law suggests that the electron thermal conductance 
is proportional to its electrical conductance, therefore the additional resistance results 





in an asymmetric electron temperature profile across the device. Fig. 4.12b illustrates 
this effect assuming there is an extra contact resistance on the left side of the device.  
Although the contact resistance does not change the Fermi energy of the graphene 
sheet, it does have influence on the Seebeck coefficient S, as S is a function of both EF 
and σ. The asymmetric temperature and Seebeck coefficient profiles together, will 
contribute to a net thermoelectric response. 
The detailed modeling of a specific device such as the one shown in Fig. 3.5f is 
done as follows. The device is approximated as a 3 μm×3 μm square. I assume that 








                                      
(4.11) 
where σmin is the minimum conductivity and Δ is a parameter that expresses the 
disorder strength [83]. This functional form for σ correctly extrapolates between the 
highly doped region where σ ~ EF
2 and the charge neutral point where σ ~ constant. 





















Figure 4.13 Electrical conductance as a function of gate voltage (black curve) for the 




Fig. 4.13 reproduces the G(Vg) data from Fig. 4.6a with a fit to Eqn. (4.11) (red 
curve) to obtain σmin = 0.169 mS and Δ =107 meV. To treat asymmetry in contact 
metal I followed the results of Ref. [115] to obtain the charge carrier distribution 
across the device and thus the local Fermi level. For chromium and gold I select 
parameters Vb1 = 65 meV and Vb2 = 265 meV for gold, Vb1 = -67 meV and Vb2 = 65 
meV for chromium according to the model in Ref. [115].Then the 1D diffusive heat 
conductance equation, expressed as 




                                           (4.12) 
is numerically solved to get the temperature profile across the device [83], where κ is 
the electron thermal conductivity, Tel is the electron temperature, ρ is power intensity 
of the beam, and the x-axis is parallel to the graphene channel. Given the temperature 
profile and local Fermi level one can calculate the thermoelectric field E = S∇T, 
where S is given by Eqn. (4.11) and the Mott relation S = LT(dlnσ/dEF), and integrate 
over the device to obtain the thermoelectric voltage.  
The thermoelectric signal due to asymmetric contact resistance is treated as 
follows. It is assumed that the whole device is uniformly doped with Fermi energy 
determined by the gate voltage, and add an extra contact resistance Rc = 33.5 Ω to the 
region from the gold contact extending 100 nm inside the graphene (the 
corresponding contact resistivity is ρc = 1000 Ω). Then, the conductivity of this region 















                            
(4.13) 




To model the combined effects of contact metal and contact resistance, I first 
calculate the Fermi level distribution taking into account the contact metal asymmetry. 
The temperature profile is calculated from the thermal conductivity assuming an extra 
contact resistance Rc = 33.5 Ω in the region from the gold contact extending 100 nm 
inside the graphene. The local Seebeck coefficient and the thermopower are then 
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Figure 4.14 Simulated responsivity of graphene photothermoelectric detector. The 
assumed asymmetry of the device is (a) induced by the work function difference of Cr 
and Au and different chemical potential pinning near both contacts, (b) purely 
induced by an additional contact resistance near the Au electrode, (c) induced by the 
asymmetries shown in (a) and (b) together. (d) Measured responsivity of the device to 
119 μm wavelength THz radiation (replotted from Fig. 4.6c). 
 
Fig. 4.14 summarizes the results of the modeling. In general it is found that 
asymmetry in contact metal produces a signal symmetric in |Vg – Vg,min| (Fig. 4.14a) 
while additional contact resistance produces a signal antisymmetric in |Vg – Vg,min| 
(Fig. 4.14b). The combined effect of contact metal and contact resistance asymmetry 
(Fig. 4.14c) describes well the magnitude and the shape of the gate-voltage dependent 
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response to THz excitation in the real device (replotted in Fig. 4.14d). One can 
identify the overall asymmetry as arising from contact resistance, and the dip in 
responsivity near charge neutrality as due to contact work function/Fermi-energy 
pinning effects. The model has several adjustable parameters as described before, and 
verification will require more work to systematically vary these and observe their 
effect on responsivity. However the fact that the data can be modeled with physically 
reasonable parameters indicates that model captures the essential operating principles 
of the device. 
4.5 Discussion and conclusion 
4.5.1 Improving device performance 
It is noticed that only a few percent of the incident power is absorbed by the 
device since graphene is only one atom thick and allows most of the EM wave 
transmit through it. The limited absorption of monolayer is e.g. overcome by Liu et al. 
(UC Berkeley) [117] by integrating graphene with an optical waveguide, which 
greatly increases the interaction length. Another method to enhance the intrinsic 
absorption of graphene to THz radiation is to couple the plasmon mode into the 
device, so that the Drude absorption spectrum is changed to a plasmonic absorption 
spectrum. By carefully designing the device geometry and adjusting the carrier 
density of graphene, one can match the plasmonic resonance frequency to the incident 
EM wave’s frequency and thus enhance the absorption. Related experiments and 
detailed analysis will be shown in Chapter 7. Another problem is that the responsivity 
of the device shown in this section is several orders of magnitude smaller than the 
maximum thermopower estimated for an ideal device. Part of the reason is that the 
temperature profile is symmetric across the device, resulting in a zero integral of the 
temperature gradient. Since the photovoltage is equal to the integral of S∇T, only a 
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non-uniform S will contribute to a net signal, which happens in a narrow region near 
the contacts. In order to take advantage of the whole device area, one might design a 
graphene pn junction device. In this case, the integral of S∇T will be maximized due 
to anti-symmetric S profile and the symmetric temperature profile. In addition, the 
diffusive model did not include the heat transfer from electrons to acoustic phonons, 
which may lower the electron temperature. The normal electron-acoustic phonon 
relaxation in graphene is extremely inefficient, since the sound velocity is much less 
than the Fermi velocity, which, combined with the momentum conservation greatly 
restricts the energy of emitted phonons [92]. However, recent studies [91-93] show 
that the hot electron can be relaxed by disorder-assisted phonon cooling (also named 
as supercooling), which relaxes the momentum conservation restraint and makes the 
cooling more efficient, resulting in a notable decrease of the electron temperature 
across the device, especially the center part of the graphene sheet. This effect is 
possibly insignificant for the bi-metal contacted device, since the center part does not 
contribute to the net signal a lot. However, the effect needs to be taken into account if 
the full area of the graphene sheet (e.g. a graphene pn junction) is involved in 
generating the signal. In this case, high mobility graphene is preferred to increase the 
diffusion length and restrain the heat transfer to the lattice due to the supercooling, in 
order to take advantage of the whole light-sensitive graphene sheet. 
4.5.2 Summary and conclusion 
To summarize, photodetectors based on dissimilar metal-contacted exfoliated 
graphene on low doped silicon substrate are fabricated using the standard e-beam 
lithography technique. The devices’ responses to broadband CW-laser excitations are 
characterized through measuring an open-circuit photovoltage signal. 
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The laser scanning microscope probes the photoresponse of each part of the 
device, confirming that the most light-sensitive part is the graphene-metal junction. 
Transport measurements (dc/ac Joule heating) show that a thermoelectric voltage can 
be generated in the device due to the hot electron diffusion. Considering the strong 
electron-electron interaction and weak electron-phonon coupling in graphene, hot 
electrons can also be generated by photo excitations, thus a photothermoelectric 
signal is predicted to exist when the device is illuminated by electromagnetic 
radiation. Broadband photoresponse to uniform CW-laser beams is then measured 
and compared to response from Joule heating. It is found that the response for THz 
radiation and Joule heating match very well, however a reduced responsivity and 
different gate voltage dependence is observed for the short wavelength (near-IR) 
excitation, indicating the possible importance of optical phonon emission and/or 
photovoltaic effects. 
Furthermore, the THz photoresponse signal is analyzed in detail. Several devices 
are measured to optimize the responsivity of the detector referred to the absorbed 
THz power. The best value is identified to be 715 V/W. Noise sources in the detector 
are discussed. Both experiment and theory show that the dominant noise in the 
present device is the inevitable Johnson-Nyquist noise, and the Johnson-Nyquist 
noise limit is nearly attained in the experiment. The lowest NEP of the detector is 
experimentally measured to be 16 pW/(Hz)1/2. In addition, the thermoelectric 
response can be modeled considering various contact asymmetries. The simulated 
result matches well with the measured data. The comparison between the detector 
shown here and the existing technologies will be made in the following chapter after 
the speed of the graphene photodetector is discussed. 
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Chapter 5: Response of graphene photodetectors to pulsed laser 
excitations 
Two important characteristics of a photodetecor are its sensitivity and speed. 
High sensitivity allows the detection of weak signals, while fast speed helps to realize 
an immediate signal accumulation and analysis. Chapter 4 mainly shows responsivity 
measurements of the graphene thermoelectric photodetector (addressing sensitivity), 
whereas this chapter will focus on the response time characterization of these devices. 
The CW excitation is usually inappropriate for a time-domain measurement, since the 
radiation continually illuminates the device and generates a steady state response. 
One way to compensate for this is to modulate the laser beam at a very high 
frequency, trying to observe a roll-off of the signal in the detector [118]. However, as 
will be discussed below, graphene detector generally shows very fast response time 
(10 ps - 1 ns), which means the modulation frequency has to be more than a few tens 
of GHz. This is challenging both in the generation of the excitation and the readout of 
the signal. In contrast, ultrafast pulsed lasers are naturally good sources for 
characterizing the speed of the graphene photodetectors, since pulse widths of 10 fs – 
100 fs are readily attainable in the laboratory, and expected to be much shorter than 
the device’s response time, allowing a direct time-domain readout without being 
affected by the radiation source. 
In this chapter, two techniques are used to measure the response time of the 
device: (1) Direct time domain measurements using a large bandwidth oscilloscope, 
and (2) Indirect pulse-coincidence measurements taking advantage of the nonlinearity 
in the device. 
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5.1 Response time in optical and THz range 
The most intuitive idea to characterize the detector’s response time is to generate 
a signal using a laser pulse and then record that photoresponse in the time domain, 
which is experimentally realized in this project using a Coherent Libra Amplified Ti: 
Sapphire Laser and a high speed (40 GHz) sampling oscilloscope as introduced in 
Chapter 3.4.2. 
5.1.1 Time domain characterization for optical excitations 
As introduced in Chapter 3.4.2, the photoresponse was excited by a pulsed laser 
beam with wavelength 800 nm, pulse width ~50 fs, repetition rate 1 kHz and pulse 
energy of 250 nJ. The device’s optical micrograph is shown in Fig. 3.10: the starting 
material was epitaxial single-layer graphene on (0001) semi-insulating (resistivity > 
109 Ω-cm) SiC; see [101] for additional details. The semi-insulating SiC substrate 
eliminated stray capacitance of device to substrate, so that the RC time constant due 
to the device’s resistance and the capacitance between graphene and the substrate is 
restrained. Moreover, the bandgap of SiC is well above the photon energy, strongly 
attenuating the absorption of the incident light by the substrate, which guarantees that 
the signal is generated by graphene’s absorption. The graphene channel on the left is 
4 μm long and 100 μm in width. Electrodes are deposited using the shadow 
evaporation technique to achieve dissimilar metal contacts on both sides (Left side: 
Cr; Right side: Au). A third electrode is fabricated on the right to make the device 
electrodes symmetrical (there is no graphene on the right channel), as the time 
domain measurement is not frequency locked and can thus include broadband noise 
into the signal. A symmetric device can efficiently avoid picking up noise coupled 
into the device by electric or magnetic fields. The pads were contacted by a three-tip 
radio-frequency ground-signal-ground probe for high speed signal transport and 
readout. 
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The result is shown in Fig. 5.1. The response time is characterized by FWHM 
(full width at half maximum), which is defined as the difference between the two 
extreme values of the time (independent variable) at which the magnitude of the 
signal (dependent variable) is equal to half of its maximum value, and is equal to 30 
ps in this device. As the response is convolved with the 25 ps response of the 
oscilloscope, it is concluded that the response time is significantly less than 30 ps 
shown here. 















Figure 5.1 Time domain photoresponse to pulsed laser excitation at 800 nm 
wavelength recorded by a 40 GHz sampling oscilloscope for device fabricated on SiC 
(shown in Fig. 3.6b). The FWHM is ~30 ps. 
5.1.2 Time domain characterization for THz excitations 
Broadband terahertz pulses with a duration ~1 ps and a spectrum spanning 0-2 
THz are produced through optical rectification of femtosecond pulses as introduced in 
the previous section in a lithium niobate prism [107]. The beam diameter is 
approximately 1 mm and the pulse energy is 160 nJ at a repetition rate of 1 kHz. The 
device image is shown in Fig. 3.6a. Instead of the SiC, a low doped silicon substrate 
with SiO2 coated on top is selected for device fabrication, which allows one to apply 
gate voltages to the device when performing the measurement. There is no concern 
about the interband transition in silicon since the THz photon energy is much smaller 
than the bandgap. As it is difficult to focus the THz beam to a tiny spot, a large area 
detector is prepared using CVD grown graphene. As shown in the right column of Fig. 
3.6a, many graphene channels were connected in series, so that the photovoltage 
generated in each channel will add up together. Each graphene channel is 4 μm long 
and 500 μm in width and is contacted with shadow evaporated chromium and gold on 
both sides. The metal electrodes and pads are designed similar to the device shown in 
the previous section to realize a direct readout at microwave frequencies. 
Firstly, a power dependent photoresponse measurement is carried out without 
applying the gate voltage. As shown in Fig. 5.2a, the power intensity of the incident 
radiation is controlled by adding intrinsic Si wafers between the laser source and the 
device. Due to the reflection on the surface, the Si wafer allows ~ 50% of the THz 
beam transmitting through it and thus serves as a natural filter. It is observed that the 
response monotonically goes down with increased number of the wafers. The peak 
value of the response as a function of the power intensity is shown in Fig. 5.2b. It is 
confirmed through a good fit to a linear relationship (red line) that the device did not 
saturate and is still working in the linear regime. 
   
Figure 5.2 (a) Time domain photoresponse to pulsed THz excitation with different 
power intensities. 10 mV offset is added to each curve for clarity. (b) Peak response 
as a function of the absorbed power (blue dots) and a linear fit (red line). 
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Another piece of information one can get from this power dependence 
measurement is that there is no visible radiation leaking from the front optics onto the 
device and generating a signal. As described before, the THz radiation is produced 
through optical rectification of femtosecond pulses (800 nm) in a lithium niobate 
prism. Its power is much weaker than the original optical excitation, thus, any leakage 
of the visible beam may cause a much larger response in the circuit than the THz 
excitation. The power dependence measurement rules out the possibility of a response 
contributed by the optical radiation, since the bandgap of intrinsic Si is less than the 
optical photon energy and thus the Si wafer will block all visible radiations. 

















 (V)  
Figure 5.3 (a) Time domain photoresponse to pulsed THz excitation at different gate 
voltages. (b) Electrical resistance of the device as a function of the gate voltage. 
 
To better understand the response, it is useful to characterize it at different gate 
voltages, as shown in Fig. 5.3a. It is found out that the signal monotonically decreases 
with increasing gate voltages. The electrical resistance of the detector is measured 
simultaneously as shown in Fig. 5.3b: The device is initially strongly p-doped and the 
charge neutral point cannot be reached even by applying Vg = 100 V. As the 
experiment and the model discussed in Section 4.4 tell us, the photothermoelectric 
signal usually peaks near the charge neutral point and is weak for highly doped 
graphene due to the small Seebeck coefficient, which is inconsistent with that 
observed in Fig. 5.3a and 5.3b. One possible explanation is that there is a background 




signal due to the THz illumination either generated in the substrate or in the metal 
pads or wires, which contributes a slow response larger than the graphene response, 
but with a different polarity. Since this background signal is independent of the gate 
voltage, it behaves like an offset voltage overlapped by the graphene photoresponse. 























Figure 5.4 Differential response at Vg = -40 V subtracted from the response at Vg = -
20V (black curve) and Vg = 0V (Red curve). The FWHM is ~110 ps. 
To eliminate the background signal, I plot the differential response as shown in 
Fig. 5.4: The response at Vg = -40 V is subtracted from the response at Vg = -20V and 
Vg = 0V to ensure the rest component of the signal is purely due to the graphene 
response. According to Fig. 5.4, the FWHM of the electrical impulse response to THz 
excitation is 110 ps, which is slower than the response time shown in Fig. 5.1 because 
of the larger size (and thus larger stray capacitance to the substrate) of the CVD 
device. Note that there is a satellite peak, which is about 120 ps away from the main 
peak. Considering the distance (~ 1.8 cm) between the sample and the TPX lens, 
which is used to focus the THz beam, this satellite peak is probably a signal generated 
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Figure 5.5 (a) Optical micrograph of the device for the pulse coincidence 
measurement. (b) Photoresponse from pump-probe laser pulses as a function of delay 
time at 150K. Red solid line shows a best fit assuming exponential decay of hot-
electron temperature. 
As introduced before, the pulse coincidence technique requires nonlinearity in 
the device to induce a change of the signal’s magnitude when the delay time of two 
pulses is less than the device’s response time. However, previous experiments show 
that graphene photodetectors used in this project usually work in the linear regime at 
room temperature. In addition, the diffusive model also predicts a linear 
photothermoelectric response. In order to achieve a nonlinear photoresponse, one 
should consider making the device less diffusive, i.e. increasing the rate of heat 
transfer contributed by electron-acoustic phonon cooling. Next, I will first discuss the 
power law of the thermoelectric response to a pulsed excitation due to different 








                                     
(5.1)
where dE/dt is the energy change with the time, T is the electron temperature, C = αT 
is the electron specific heat (α is the prefactor independent of T), Pin is the absorbed 
power, and H is the heat loss rate. For a ultrafast pulse excitation, the input power can 
be written as a delta function: Pin = Fin × δ(t), giving a rise to the electron temperature, 
which is described as: 
 /220 ini FTT 
                                      
(5.2) 
where Ti is the electron temperature right after excited by the pulse, and T0 is the 






                                                 
(5.3) 
To take electron-acoustic phonon cooling as an example, for the temperature range 
considered in this measurement, the heat loss rate can be expressed as [92]: 
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(5.4) 
where A′ is temperature independent thermal conductance. Using Eqn. (5.3), one can 
solve for the electron temperature as a function of the time. In addition, the 
thermoelectric as a function of the time can be written as: 
))(()( 0TtTSti 
                                         
(5.5) 
where the Seebeck coefficient S can be expressed as a product of a prefactor and the 
electron temperature: S = βT(t). One can calculate the integral of i(t) to derive the 
total thermoelectric response due to one pulse and will find that the signal is 
proportional to Pin when T(t) - T1 << T1, whereas it is proportional to Pin
3/2, while T 
(t) >> T1, suggesting that the photoresponse is superlinear due to the electron-acoustic 
phonon cooling if the energy per pulse is high enough. For completeness, I also 
summarize the power law for diffusive cooling and the disorder-assisted electron-
phonon cooling (supercooling) here. The heat loss rate of diffusive cooling and 
supercooling can be written as [92]: 
))()(('' 0TtTtTAH diff 
   
(5.6) 
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(5.7) 
where A′′ and A′′′ are temperature independent prefactors. Taking Eqn. (5.6) and Eqn. 
(5.7) into Eqn. (5.3), one can show that the thermoelectric response due to 
supercooling is proportional to Pin, while T(t) - T1 << T1, whereas it is proportional to 
Pin
1/2, while T(t) >> T1, and the response of a purely diffusive device is always 
proportional to Pin, which is consistent with previous room temperature 
measurements. 
Based on the above discussions, the device is mounted in a cyrostat, whose 
chamber can be cooled down to liquid helium temperature. Nonlinear response is 
expected in a low temperature measurement, for the following reasons. First, there 
may be a change in the dominant electron cooling mechanism. The electron-acoustic 
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phonon coupling thermal conductivity is a constant [90] (shown in Eqn. (5.4)) in the 
temperature range considered here, while the electron thermal conductivity is 
inversely proportional to the temperature. Characterizing the device at low 
temperature may increase the contribution of the electron-phonon heat relaxation, 
which could be nonlinear if the pulse energy is high enough. Second, the temperature 
rise upon irradiation becomes a larger fraction of the device temperature. For the 
same amount of light absorption, the ratio of the electron temperature increase ΔT to 
its steady state temperature T0 (equals to the lattice’s temperature) becomes larger if 
T0 is decreased. The discussions in previous paragraph show that the signal generated 
due to the electron-phonon cooling (as well as supercooling) changes from quasi-
linear to nonlinear when ΔT/T0 gradually increases. Third, universal conductance 
fluctuations (UCF) lead to additional temperature dependence at low temperature. 
UCF is a phenomenon encountered in electrical transport experiments in mesoscopic 
samples where coherent scattering from disorder leads to reproducible fluctuations in 
conductance (and related transport parameters, such as the Seebeck coefficient) as a 
function of an external variable such as gate voltage or magnetic field. As UCF is a 
coherent phenomenon, it is temperature dependent and becomes prominent at low 
temperature. UCF can contribute to some nonlinear components of graphene’s 
Seebeck coefficient, especially if ΔT/T0 is large, and thus result in a nonlinear 
photoresponse. 
The pulse coincidence measurement was carried out from room temperature all 
the way down to ~ 15 K. The nonlinear response started to appear below 200 K. The 
result shown in Fig. 5.5b is measured at T0 = 150 K. The photovoltage is plotted as a 
function of the pump-probe delay time. It is observed that the signal shows a dip 
when the delay time is close to zero. The width of the dip represents the response 
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(5.8) 
where V0 and V1 are the flat and dip photovoltage respectively, τd is the delay time 
and τr is the response time as a fitting parameter. The best fits shows an intrinsic 
response time of 10.5 ps, which is less than the extrinsic response time measured in 
the direct time domain experiment. However, considering the bandwidth of the 
oscilloscope used in the time domain characterization, this result is probably 
consistent with the response time measured in Section 5.1.1. 
Next, I will compare the measured response time with theoretical calculations 
based on a diffusive model. The intrinsic response time is determined by the thermal 
time constant of the graphene sheet. In a diffusive device, the electron system is 
relaxed through the heat transfer from hot electrons to the leads. Therefore, the time 
constant can be written as: 
 /AC 
                                               
(5.9) 
where C is the electron specific heat as expressed in Eqn. (1.5) , and κ is the electron 
thermal conductivity as expressed in Eqn. (2.21), respectively; A is the area of the 
graphene sheet. The density of states for monolayer graphene is proportional to the 













                                      










                                        
(5.10) 
where μ is the mobility, n is the carrier density and e is the elementary charge. The 
relation σ = neμ and √π  are used to derive Eqn. (5.10). The mobility of the 
device is estimated to be 5000 cm2/(V·s), n is 4.5  1012 cm-2 and the area is ~ 4 μm2. 
According to these, the time constant is calculated to be 65 ps, which is slower than 
the experimentally observed value. This suggests that the real thermal conductivity is 
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possibly larger than the electron thermal conductivity, implying that hot electrons are 
also scattered either by the graphene lattice [92, 93] or the substrate phonons [119] 
and this process is accompanied by heat energy transfer. 
5.3 Conclusion 
In this chapter, the photoresponse of the bi-metal contacted graphene detector to 
broadband pulsed laser excitation was characterized. Direct time domain 
measurements show that the extrinsic response time of a device optimized for 800-nm 
optical excitation can be as low as ~ 30 ps, while the response time of a large-area 
device to pulsed 0-2 THz radiation can be as low as ~ 110 ps. The intrinsic speed of 
the device is measured by using a pulse coincidence technique, taking advantage of 
the fact that the generated photovoltage is nonlinear at low temperatures. The intrinsic 
response time to a near-IR excitation, which corresponds to the thermal relaxation 








Our device ~ 700 ~ 20 ~ 0.03 
P3514 Pyroelectric 
Detector 
500 1400 108 
Golay Cell THz 
Detector 
~ 103 ~ 104 ~ 107 
 
Table 5.1 Comparison of the characteristics between our device and commercially 
available room-temperature THz detectors. 
 
At this point, one can compare the graphene photodetector presented in this work 
to existing technologies. More attention will be paid to the THz range here. The NEP 
of the bi-metal contacted graphene photodetector, 16 pW/(Hz)1/2 referenced to 
absorbed power is competitive with the best room-temperature low-frequency THz 
detectors, such as the Golay cell and the pyroelectric detector. However a significant 
advantage of this device is its speed. Table 5.1 shows a comparison between our 
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graphene photodetector with those commercially available room-temperature THz 
detectors. The electrical responsivity (and the corresponding NEP) is quoted to 
demonstrate the sensitivity limit of the device. 
Other types of high speed terahertz detectors are studied in different research 
groups, whose characteristics are shown in Table 5.2. Note that the optical 










~ 10 ~ 1.1 ~ 0.03 
FET-based graphene detector 
(358 GHz) [120] 
1.2 2  
FET-based graphene detector 
(> 1 THz) [121, 122] 
2 × 10-4  ~ 0.05 
Schottky diodes 
(1 THz) [123] 
 0.3-10 0.1 
Intraminiband superlattice detector
(6 THz) [124] 
2.5 × 10-3  0.02 
Nanosize field-effect transistor 
(5 THz) [125] 
 > 104 0.03 
 
Table 5.2 Comparison of the characteristics between our device and other high speed 
THz detectors. 
 
Graphene based room-temperature terahertz detectors based on a transistor 
geometry [120-122, 126] have shown sensitive detection at 358 GHz [120], however 
the responsivity and NEP of the device presented here referenced to incident power 
are still superior to these devices. The room for two orders of magnitude sensitivity 
improvement is anticipated by increasing absorption through e.g. antenna coupling, 
and further orders-of-magnitude improvements from increasing the thermopower 
asymmetry as discussed before. For frequencies above 1 THz, the responsivity 
reported in this work is 5-6 orders of magnitude larger than in earlier graphene-based 
101 
 
detectors [121, 122], in part because photothermoelectric detection does not suffer 
from the high-frequency roll-off that is characteristic of FET-based detectors. Beyond 
graphene, there are few existing THz detector technologies with sub-100 ps response 
times. Schottky diodes can detect 100 ps signal modulations [123], but their 
responsivity decreases rapidly (1/f2) with frequency f, and measured NEP are 0.3-10 
nW/Hz1/2 at 1 THz, increasing rapidly above 1 THz. An intraminiband superlattice 
detector [124] achieved a response time of 20 ps but responsivity was 50 μA/W (2.5 
mV/W assuming 50 Ω load) at 6 THz, and a nanosize field-effect transistor [125] 
demonstrated 30 ps response at 5 THz with an estimated NEP >10 μW/Hz1/2. I 
conclude that the detector shown in this work uniquely offers fast, sensitive detection 
in the few- THz regime, with orders of magnitude improvement in responsivity and 
NEP compared to existing THz detectors with sub-100 ps response times. 
102 
Chapter 6: Photoresponse to near-IR pulsed laser: further study 
and contact effects 
As the pulse coincidence technique relies on a nonlinear response to generate a signal, 
it can be a powerful tool to study the nonlinear power dependent photoresponse of a 
device. In the previous chapter I introduced the pulse coincidence technique to 
measure the time response of a graphene photothermoelectric device, presenting 
measurements carried out without applying gate voltage to the detector. In this 
chapter I will discuss the gate-voltage dependence of the pulse-coincidence, which 
will be then further analyzed and explained by characterizing the gate-voltage, power, 
and temperature dependence of the dc photoresponse. 
6.1 Gate dependent pump-probe measurement 
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Figure 6.1 (a) Two-probe conductance as a function of the gate voltage. (b) 
Photoresponse measured using the pulse-coincidence technique as a function of the 





The device is the same as shown in Fig. 5.5a. The transport measurement at 50 K 
is performed with the result shown in Fig. 6.1a. The graphene flake is initially p-
doped and the charge neutral point is at Vg ~ 55 V. The photovoltage at various gate 
voltages due to the pulsed near-IR excitation as a function of the delay time between 
the pump and probe pulses is plotted in Fig. 6.1b. Interestingly, the pump-probe 
signal either shows a peak or a dip at zero delay time, depending on the applied gate 
voltages. Note that the phase of the signal is not taken into account in Fig. 6.1b (the 
absolute value of the photovoltage is shown). One can include the polarity of the 
signal and replot all the curves shown in Fig. 6.1b in one graph as shown in Fig. 6.2. 
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Figure 6.2 Photovoltage excited by two near-IR pulsed excitations as a function of 
the gate voltages. At each gate voltage the photovoltage as a function of time delay is 
shown for a time-delay window of ±150 ps. 
It is easy to compare in Fig. 6.2 the pulse-coincident response (signal at τd = 0) 
with the floor response (signal at τd >> 0) of the signal at different gate voltages. One 
finds that below Vg ~ 30 V, the signal gets enhanced when τd = 0, whereas above Vg ~ 
60 V, the signal decreases when two pulses overlap each other. One possible 
explanation to this is that the signal is superlinear below Vg ~ 30 V and sublinear 
above Vg ~ 60 V, resulting in an enhancement or an attenuation of the response at 
zero delay time, respectively. Another argument which can account for the observed 
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phenomenon is that the photoresponse consists of two components, one linear and the 
other nonlinear. The nonlinear signal contributes to the feature at τd = 0, while the 
linear part serves as an offset to the floor response, which may change the polarity of 
the floor response and thus makes the nonlinear enhancement/attenuation appears like 
an attenuation/enhancement in Fig. 6.2. 
6.2 Power dependent dc photoresponse to pulsed laser excitation 
To distinguish between these possibilities, the power dependence of the dc 
photoresponse to one pulsed laser excitation was characterized at different 
temperatures. Fig. 6.3a shows the data taken at high temperature (T = 267 ± 2 K, 
where the error corresponds to fluctuations in temperature during the measurement of 
different data sets) and Fig. 6.3b plots the scaled photoresponse (which can be 
regarded as the responsivity with arbitrary unit) normalized by the incident power as 
a function of the gate voltage. The fact that all curves coincide with one another in 
Fig. 6.3b suggests that the signal is proportional to the absorbed power (linear 
response), consistent with the pulse coincidence measurement shown in the previous 
section that the pump-probe peak/dip feature is not observed at T > 200 K. 
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Figure 6.3 (a) Photovoltage as a function of the gate voltage to one pulsed near-IR 
excitation with different incident powers. (b) Photoresponse shown in (a) normalized 
by the incident power as a function of the gate voltage. 
a       b 
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Fig. 6.4a shows the power dependent photoresponse measured at low temperature 
(T = 120 ± 2 K). Compared to Fig. 6.3a, both the magnitude and the gate-voltage 
dependence of the signal have changed. More interestingly, it is found that the 
intersection point with the x-axis changes from Vg ~ 60 V to Vg ~ 70 V, when the 
incident light power gradually increases. This is shown in Fig. 6.4b, the zoomed-in 
plot of Fig. 6.4a. At certain gate voltages the signal must be non-monotonic in power, 
in fact crossing zero at finite power. This evidence strongly suggests that the signal is 
composed of at least two components with different power dependences. The 
measured signal, which is the summation of these two components, thus crosses the 
x-axis at different gate voltages when changing the incident power since both 
components have their own functional form of the gate voltage dependence. 
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Figure 6.4 (a) Photovoltage as a function of the gate voltage due to one pulsed near-
IR excitation with different average incident powers as shown in legend. (b) Zoomed-
in plot of (a) showing the response from Vg = 55 V to Vg = 75 V. 
6.3 Temperature dependent dc photoresponse to pulsed laser excitation 
To determine the origin of these two components of the signal, the temperature-
dependence characterization of the photoresponse to one near-IR pulse laser 
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Figure 6.5 (a) Photovoltage as a function of the gate voltage to one pulsed near-IR 
excitation at different temperatures. (b) Photovoltage as a function of the temperature 
to one pulsed near-IR excitation at different gate voltages. 
 
As shown in Fig. 6.5a, the temperature varied from T = 19.4 K to T = 201 K. The 
overall shape of the photovoltage changes only slightly with the temperature, 
suggesting that one component of the signal is almost independent of the temperature, 
but depends on the gate voltage. It is also noticed that the photovoltage continually 
shifts downwards along the y-axis with cooling. The shift is observed almost 
uniformly at any gate voltage, implying that the other component of the signal is 
nearly independent of the gate voltage, but is a function of temperature. To better 
understand its relation to the temperature, the data shown in Fig. 6.5a is replotted as a 
function of the lattice temperature in Fig. 6.5b. It is easily seen that the signal shows a 
linear dependence on the lattice temperature above 80 K. At low temperatures, the 
strong fluctuation, which can also be observed in Fig. 6.5a, makes it difficult to tell 
the exact functional form of the signal vs. lattice temperature. 
Since the temperature dependent part of the photovoltage barely changes when 
the carrier density of graphene is tuned in a quite wide range, I considered that this 
part of the signal is not generated by light absorption in the graphene flake. Ref [127] 
provides the optical properties of metallic thin films, which shows that the 
reflectances R of chromium and gold at the wavelength λ = 1.55 μm are very different, 
namely 0.66 and 0.98, respectively. Considering the beam can hardly transmit 
a                                            b 
through the metal with the thickness used in this device (~ 40 nm), the absorption in 
chromium pad can be as high as ~ 34 %, which is much larger than graphene’s 
absorption (a few percent due to the interband transition). Therefore, it is possible that 
a thermoelectric response due to the absorption in chromium contributes to the total 
photovoltage signal of the device. 
     




















Figure 6.6 (a) Optical micrograph of a Cr (bottom) - Au (top) thermocouple device. 
(b) Photoresponse to a CW near-IR excitation as a function of the temperature. Data 
is shown for the beam focused on the gold pad (red line), the chromium pad (blue 
line), and the junction (black line). 
 
In order to test whether this effect could produce a signal comparable to the 
measured one, I devised a test device consisting of a chromium-gold thermocouple 
constructed from similar thin films as used in the graphene device. The 
photothermoelectric response of the metal electrodes is characterized by focusing a 
CW near-IR (1.55 μm) laser beam on the chromium-gold thermocouple device, as 
shown in Fig. 6.6a. The focused spot size is a few microns, so that local illumination 
is possible. The device is mounted in a cryostat and the photoresponse is measured at 
different temperatures as shown in Fig. 6.6b. The red curve, which corresponds to the 
noise level, suggests that there is no photoresponse when the beam is focused on gold 
due to nearly 100 % reflection of the surface. In contrast, a photoresponse, which 






surface is illuminated (blue curve). This signal is further enhanced when the focused 
beam spot is adjusted closer to the Cr-Au junction. It is complicated to directly scale 
the photoresponse shown here to the temperature dependent component of the signal 
observed in the graphene photodetector shown in Fig. 5.5a, since both the laser source 
and the sample’s geometry have changed significantly. However, one can still make a 
qualitative estimation: The absorbed power of the chromium pad shown in Fig. 6.6a 
is comparable with the contact absorption in the experiment shown in Fig. 6.5a. 
However, the thermoelectric voltage is strongly reduced in Fig. 6.6a, because the 
wide Cr-Au junction (~ 700 μm in width) electrically shorts the light illuminated area 
(the spot size is 3 ~ 4 μm), which behaves like a small battery, making the measured 
voltage ~ 200 (700 μm / 3.5 μm) times smaller. This is not an issue for the data taken 
in Fig. 6.5a, because the spot size of the beam is large and covers the whole area of 
the bowtie electrodes. It is thus reasonable that the photovoltage shown in Fig. 6.5a is 
two orders of magnitude larger than that shown in Fig. 6.6a. A quantitative 
comparison requires to consider more factors, such as the various heat pathways for 
both geometries, the difference between pulsed and CW excitations etc., but the fact 
that chromium can absorb near-IR excitation and generate a thermoelectric response 
that is linear with the temperature suggests that it is very possible the temperature 
dependent component of the signal observed in the graphene detector is generated due 
to the chromium contact’s absorption. 
6.4 Decoupling of the linear and nonlinear signals 
Lastly, I will try to decouple the signal shown in Fig. 6.4a into a linear 
component and a nonlinear component. According to the analysis in previous 




where the first term is due to the contact absorption, which should be linear and gate 
independent, and the second term, originated from graphene absorption, shows a 
power law and is gate dependent. Consider the data shown in Fig. 6.2, the pulse 
coincidence measurement shows a flat response at Vg = 35 V, implying a pure linear 
response. Therefore, one can subtract the signal at Vg = 35 V from each curve shown 
in Fig. 6.4a to get the nonlinear component of the response, while the subtracted gate-
independent value is the linear component. 
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Figure 6.7 (a) Nonlinear component of the photovoltage as a function of the gate 
voltage to a pulsed near-IR excitation with different incident powers. T = 120 ± 2 K. 
(b) Linear component of the photovoltage as a function to the incident laser power 
(black dots) with a linear fits (red line). (c) Extrapolated α at different gate voltages. 
The subtracted signal is plotted as a function of the laser power in Fig. 6.7b. The 
fact that the data can be well described using a linear fits is consistent with the 
expression of the first term in Eqn. (5.4). The remaining part of the signal, which is 
assumed to be generated due to graphene’s absorption as shown in Fig. 6.7a, is 
further analyzed by taking the photovoltage at each gate voltage as a function of the 
light power, in order to extrapolate the power law in the second term of Eqn. (5.4) at 
different gate voltages separately. The result is shown in Fig. 6.7c: α varies within a 
range from 0.6 to 1. According to the theory shown in Chapter 5, α equals to 1 in a 
diffusive device, while in a device cooled by electron-acoustic phonon scattering / 
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is positive between Vg ~ 35 V and Vg ~ 55 V, where the pump-probe signal displays a 
dip feature at zero delay time, suggesting that the signal is sublinear. Below Vg ~ 35 V 
and above Vg ~ 55 V, the nonlinear photoresponse flips the sign, reproduced in the 
pump-probe response as a change from a dip to a peak, which again indicates the 
sublinear nature of the signal, since the absolute value of the photovoltage is 
decreased when two pulses overlap each other. Hence the pulse-coincidence data is 
also consistent with the presence of two signals, one linear in power and temperature 
and independent of gate voltage, and the other sublinear in power, with a magnitude 
and sign depending on gate voltage. 
6.5 Conclusion 
To summarize, two components of the signal were observed in a graphene 
photodetector contacted with large area chromium on one side and gold on the other 
side, when it is uniformly illuminated by a near-IR pulsed laser. Power dependence 
and the pulse coincidence measurements show that one component is linear in power 
and the other is nonlinear at low temperatures. Further characterizations at different 
temperatures suggest that the nonlinear part of the signal originates from the 
absorption in the graphene flake, where the linear part is possibly due to the larger 
heating of the chromium electrode compared to the gold electrode. Further analysis 
was done to decouple these two components. The dependence of the magnitude and 
sign of the nonlinear part of the signal on gate voltage explains well observations 
from the pulse coincidence measurement. In the future, a more quantitative modeling 
of the signal can be done by taking into account the heat pathways in chromium pad 
and in graphene, in order to construct the temperature profile across the Cr-graphene-
Au junction. 
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Chapter 7: Plasmon-enhanced THz detection in graphene 
The theories and experiments introduced in the previous chapters have 
demonstrated that hot electron effects are important in graphene even at room 
temperature, and have been exploited to realize fast, sensitive THz detection via the 
photothermoelectric effect. Compared with commercially available room-temperature 
THz detectors, the graphene based photodetector presented in this work is eight to 
nine orders of magnitude faster. However, the sensitivity is not improved so much, 
partly because the optical coupling efficiency in graphene is low, which means a 
significant challenge remains in increasing graphene’s absorption. As discussed in 
Chapter 2.1, owing to its zero band gap nature, doped graphene shows a relatively 
high dc conductivity, resulting in a considerable Drude absorption in the THz range. 
However, the Drude absorption in graphene is strongly frequency dependent, 
decreasing as (ωτ)-2 at high frequencies ω >> 1/τ where τ is the scattering time, 
proportional to graphene’s mobility and typically 10 ~ 100 fs in graphene. Thus, the 
Drude absorption rolls off at lower frequencies in higher mobility (higher τ) graphene 
samples. 
A number of efforts have been made to increase the absorption in graphene 
photodetectors. Quantum dots deposited on graphene can enhance the light-matter 
interaction [19], however the approach is likely limited to the visible or near infrared 
where the interband absorption of the quantum dot lies, and the response times are 
slow. Locating the detector in a microcavity, which resonates at selected frequency, 
can enhance absorption, but to date this has been demonstrated only at near-infrared 
wavelengths [128] and would be cumbersome for long wavelength THz radiation. 
Coupling the detector to an antenna is a viable approach for frequencies up to the low 
THz but there are few demonstrations of antenna-coupled graphene devices [126], 
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and the approach is applicable only to devices whose size is much smaller than the 
wavelength. In contrast to these approaches, plasmon resonances in finite-width 
graphene, as discussed in Chapter 2.2, can provide a strong absorption which has a 
fast response (set by the thermal relaxation time [129]), is tunable over a broad range 
of frequencies in the THz through changing either the confinement size or the carrier 
density [70, 71], and is more amenable to fabrication of arrays for large-area detectors, 
compared to antenna-coupled devices. 
In this chapter, I will first discuss the plasmon mode in a graphene microribbon 
array, both theoretically and experimentally. Then transmission spectra of different 
graphene-metal microstructures, obtained using the FTIR technique, will be presented. 
The challenges of maintaining a distinct plasmon resonance in metal-contacted 
graphene while maintaining large coupling to the incident light will be discussed. A 
design using a graphene microribbon array oriented at 45 degrees to a metal contact 
array is adopted to address the challenges. This optimized device is then used for a 
far-IR photodetection experiment, in which the plasmon-enhanced photovoltage is 
observed in a polarization-dependent measurement, by tuning the carrier density in 
the device to adjust the plasmon resonance frequency to match with the incident 
radiation’s frequency. 
 
7.1 Plasmon mode in a graphene microribbon array 
The plasmon is described in the classical picture as an oscillation of free electron 
density with respect to the fixed positive charges in the material, as described in 
Chapter 2.2. The plasmon dispersion relation of a graphene disk is derived in Eqn. 
(2.16). Many such disks arranged regularly in a two dimensional surface will form a 
large-area plasmonic resonant structure. This isotropic pattern, however, is not 
suitable for making an electronic photodetector, since the elements are not electrically 
114 
 
connected. In this chapter, I consider graphene patterned into a microribbon array, i.e. 
a pattern of alternating graphene and bare substrate in one direction (perpendicular to 
the ribbons) with ribbons extending continuously in the other direction (parallel to the 
ribbons). Such an array supports the plasmon resonance in the direction perpendicular 
to the ribbon. The question addressed in this chapter involves how best to contact this 
array with metal structures to form a large area photodetector while preserving the 
plasmon resonance and allowing coupling of the incident light to the plasmon mode. 
Considering a two dimensional graphene sheet sandwiched between two media, 
the dispersion relation of the plasmon shown in Eqn. (2.17) can be rewritten as: 















                                   
(7.1) 
where ε1,2 is the dielectric constant of the media above/below graphene, n is the 
charge carrier density in graphene, vF = 10
6 m/s is graphene’s Fermi velocity, ħ is 
Planck’s constant, and e the elementary charge. It is expected that a graphene ribbon 
of width W will determine the plasmon wavevector q such that 





                                                  
(7.2) 
where N is the harmonic order of the plasmonic mode, and δ is a phase shift upon 
reflection at the graphene edge. Numerical results indicate that δ = π/4 for termination 
by dielectric [130, 131]. Then the plasmon resonance frequency for a graphene ribbon 
is given by: 




















                                     
(7.3) 
Experimentally, plasmon resonances in graphene have been previously studied in 
exfoliated graphene samples by using infrared nano-imaging [132, 133] and by 
Fourier transform infrared spectroscopy (FTIR) in arrays of microribbons or disks 
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transmitted spectrum through the device and an identical bare aperture placed in the 
sample position is consecutively measured at each gate value and their ratio gives the 
absolute transmission. The attenuation spectra with the excitation polarized 
perpendicular and parallel to the ribbon are plotted in Fig. 7.1b and 7.1c, respectively. 
The attenuation in this work is defined as 1-T(Vg)/T(Vg, min), where T(Vg) and T(Vg, min) 
are the transmission at the gate voltage Vg and the charge neutral point, respectively. 
Note that here, the spectra are normalized to the transmission at the charge neutral 
point Vg,min in Fig. 7.1c and to the transmission at Vg = Vg,min + 2.2 V in Fig. 7.1b (in 
this case data were not taken for the charge neutral point, so normalization was done 
using data at the lowest carrier density). The gate voltage Vg is applied through the 
electrolyte top gate to tune the carrier density in graphene. As shown in Fig. 7.1b, a 
Drude response is observed, where the attenuation decreases monotonically with the 
frequency. A completely different lineshape is seen for the attenuation spectra in Fig. 
7.1c, when the incident light is polarized perpendicular to the ribbons, where an 
enhanced absorption associated with excitation of the intrinsic plasmon is observed. 
In this device, where the ribbon width is fixed, a blue shift of fp is observed when 
increasing n by raising the gate voltage. 
Next I model the plasmonic relative attenuation through the device at different 
gate voltages shown in Fig.7.1c. In principle, the Drude spectra shown in Fig. 7.1b 
can be modeled as well. But unfortunately, the fact that the spectrum at Vg = Vg,min 
was not taken, and instead all spectra are normalized by the spectrum at Vg = Vg,min + 
2.2 V, makes the modeling more complicated. The first step is to calculate the 
transmission of the graphene ribbons according to Eqn. (2.2). In this device, n1 = 1.73 
and n2 = 3.1 are the refractive index of the electrolyte and SiC substrate. The ac 
conductivity σ can be written as σ σ / 1 iωτ  for the Drude response as shown 
in Eqn. (2.6) and σ σ / 1 i ω ω τ/ω  for the plasmon excitation as shown 
in Eqn. (2.18). Note that in this chapter ωp is used to represent the plasmon resonance 
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frequency. Both the dc conductivity σ0 and the electron scattering time τ can be 
expressed as a function of the carrier density n and mobility μ of graphene, written as: 
σ μ and τ √π μ/ , where e is elementary charge and vF is the Fermi 
velocity. The relative attenuation is then expressed as ∆ 1
,
. 

















Figure 7.2 Plasmonic resonance frequency fp as a function of carrier density n for the 
device shown in Fig. 7.1. Black points are extracted from fits of the data in Fig. 7.1c 
as described in text. Fits to data in Fig. 7.1c are shown as solid lines in inset. Red line: 
fit to Eqn. (7.3) in text. 
 
To fit the attenuation spectra shown in Fig. 7.1c, a fixed μ = 1300 cm2·V−1·s−1 is 
taken and n, ωp are set as fitting parameters. I then plot in Fig. 7.2 the modeled fp vs. 
n with a fit to Eqn. (7.3), which gives 1.92	THz	 	 10 	cm / 	. The 
prefactor 1.92 is very close to the expected value of 1.80 found from Eqn. (7.3) with 
W = 2.3 μm. The inset of Fig. 7.2 shows the individual fits to selected curves from 
Fig. 7.1c. 
One hypothesis made in the modeling is that the mobility is independent of the 
carrier density, which is generally a good assumption for moderately doped exfoliated 
graphene. However, whether it is true for epitaxial graphene on SiC is still unknown. 
































concentration depends on gate voltage) are close to the graphene surface and may act 
as additional disorder to scatter mobile electrons and make the mobility of the device 

















































Figure 7.3 (a) Carrier density n, mobility μ, and plasmonic resonance frequency fp 
extracted from fits as a function of the gate voltage for the device shown in Fig. 7.1. 
(b, c, d) Plasmonic resonance frequency fp as a function of carrier density n for the 
device shown in Fig. 7.1. Black points are extracted from fits of the data in Fig. 7.1c 
by assuming npuddle = 0 cm
-2 (b), npuddle = 0.75 × 10
12 cm-2 (c) and npuddle = 1.75 × 10
12 
cm-2 (d). Red line: fit to Eqn. (7.3) in text.  
 
I therefore tried to fit the attenuation spectra again using the same method 
introduced before but set μ as the third fitting parameter. The results are shown in Fig. 
7.3a. The carrier density, mobility, and the plasmon resonance frequency extracted 
from fits are shown at different top gate voltages, respectively. The best fits indicate a 
mobility which decreases as gate voltage (and carrier density) increase, which is 
consistent with the counter ions of the electrolyte contributing additional scattering 



















and reducing the mobility at high gate voltage. According to this, fp can be plotted as 
a function of n, similarly to that shown in Fig. 7.2. However, I now observe that the 
data points are poorly described by Eqn. (7.3), as shown in Fig. 7.3b. One possible 
reason is that the carrier density n was assumed to be 0 at the charge neutral point, 
which is not true in the real device due to disorder-induced electron-hole puddles. To 
compensate for this, phenomenologically an additional fixed carrier density 
(corresponding to the puddle density) is added to the carrier density of the sample at 
all gate voltages. Fig 7.3c and 7.3d then show the plasmonic resonance frequency fp 
as a function of carrier density n extracted from fits by assuming a puddle density of 
0.75 × 1012 cm-2 and 1.75 × 1012 cm-2, respectively. Fits of the data shown in Fig. 7.3c 
and 7.3d give 1.95	THz	 	 10 	cm /  and 1.73	THz	
	 10 	cm / .  It is noticed that the assumed puddle density is higher than 
previously reported [50] in exfoliated graphene. It is possible that the electrolyte 
covered epitaxial graphene is different from exfoliated samples, but this needs more 
experimental evidence to be confirmed. 
In summary, both theoretical expectation and experimental demonstration of the 
plasmon mode in a graphene microribbon array on SiC are presented in this section, 
representing the first observation of the standing wave plasmons in monolayer 
epitaxial graphene on SiC substrates. The attenuation spectra can be well fitted by 
assuming graphene’s mobility is independent of the carrier density. More evidence 
and analysis are needed to verify whether or not this assumption is reasonable. 
7.2 Drude response and standing wave plasmons in graphene-metal microstructures 
To be used as a photodetector, graphene elements need to be connected via some 
conductive material to form a closed electrical circuit. Additionally it is expected that 
detectors exploiting hot electron effects will require electrode spacings shorter than 
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contacts are, in effect, antennas, whose resonant frequency is far from matched to the 
plasmons in graphene. The plasma currents in the graphene are controlled by the 
currents induced in the contacts by the radiation field and these currents fall off like 
(Wm/λ)
2 at long wavelengths, where Wm is the width of the metal. This leads to weak 
dipole strength even for the even modes, while the odd modes have zero dipole 
strength by symmetry. However, narrow contacts are required to maximize the fill 
factor of the graphene elements. It is hence expected the plasmon modes to be only 
weakly excited in this geometry. Indeed, the broad weak feature seen at in Fig. 7.4b 
probably corresponds to this weakly excited N = 2 plasmon mode. More careful 
characterization is needed to confirm this and to understand better the plasmon mode 
excitation in metal contacted graphene ribbons. One promising way to study this is to 
use high mobility graphene to achieve sharper plasmon resonance and vary either the 
width of graphene ribbons or metal ribbons to systematically monitor the change of 
the attenuation spectra. The experimental result can be compared with simulated 
spectra, in order to collect more useful information. This work is currently being 
performed in Prof. Drew’s group. 
In a word, the above results indicate that metal termination of graphene to form 
finite-width ribbons is not sufficient to define a plasmon resonance that can be 
efficiently excited by light. However metal electrodes are necessary for electrical 
detection schemes. To circumvent this difficulty, I next investigated devices in which 
large area graphene is first patterned into a ribbon array using e-beam lithography and 
then a metal electrode grating is deposited on top of the array by repeating the 
standard e-beam lithography one more time followed by a thermal evaporation. Here 
the metal electrodes can be oriented at an angle to the ribbons. In the first case, I 
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grating, which strongly reflects for fields that are polarized parallel to the electrodes. 
The extinction coefficient of metal wire gratings scales in proportion to (d/λ)2 at long 
wavelengths, where d is defined as the electrode spacing. This is a significant 
disadvantage of this scheme, since it is expected that detectors will require even 
smaller electrode spacings on the micron scale limited by the diffusion length. 
7.3 Transmission of graphene ribbon array tilted to metal electrodes 
7.3.1 Device with large electrode spacing 
  
Figure 7.6 (a) Optical micrograph of a graphene ribbon array tilted to a metal 
electrode grating. Inset: Schematic of the device. (b) Attenuation spectra at different 
gate voltages normalized by the spectrum at Vg = Vg, min with incident electric field 
polarized vertical. 
 
To overcome the difficulties above, a new design is adopted with graphene 
ribbons tilted at an angle with respect to the metal grating, as shown in Fig. 7.6a. In 
this device, the period of the graphene ribbon array is 2 μm and the ribbon width is 
0.6 μm, similar to the device in Fig. 7.5. Bi-metal electrodes (20 nm chromium + 25 
nm gold) are deposited on graphene ribbons using the two-step shadow evaporation 
technique. The inter-electrode spacing is 5.7 μm, and were inclined at an angle of θ = 


































metal grid (which does not suffer from the polarizer effect) now has an electric field 
component perpendicular to the graphene ribbon axis and can therefore excite the 
transverse plasmon resonance. In this case, when the incident terahertz radiation is 
polarized perpendicular to the metallic grating, one can see evidence of gate-tunable 
plasmonic absorption in the attenuation spectrum, as shown in Fig. 7.6b. This is in 
contrast to Fig. 7.5b, where no plasmonic resonance can be seen for light polarized 
perpendicular to the metal electrode grating. 
 
Figure 7.7 The attenuation at Vg = Vg, min + 5.4 V is shown as a function of the 
frequency (radial axis) and the incident polarization (azimuthal axis). Inset: A 
scanning electron micrograph of a similar device (left) and the schematic of the 
device with the defined polarized angle θ of the incident light (right). Graphene 
ribbon is tilted 45°to the metal electrodes. 
 
I further explore the polarization dependence of the tilted-ribbon array. Fig. 7.7 
shows a color map of the polarization-dependent attenuation of the tilted ribbon array 
as described in Fig. 7.6 at Vg = Vg, min + 5.4 V, which is the highest gate voltage 
(highest carrier density) achieved in this experiment. The color scale indicates the 





transmission at Vg = Vg, min + 5.4 V, Tlow is the transmission at Vg = Vg, min, and ω, θ  
is the experimentally determined extinction factor of the metal grating.	 ω, θ  is 
defined as ω, θ cos θ sin θ ∙ Φ ω , where	Φ ω ∈ 0,1  is the ratio of the 
measured transmission at θ = 90° and 0° when the device is at the charge neutral point. 
Here, the attenuation is plotted as a function of frequency (plotted along the radial 
direction) and polarization angle, as defined in the inset schematic. The left inset of 
Fig. 7.7 shows an SEM image of a similar device fabricated in the same way. Because 
the attenuation is multiplied by ω, θ , the effect of the metal grating is included, 
and the polarization dependence is due to both the attenuation caused by graphene 
and metal grid. Additionally, the metal grid is symmetric with respect to polarizations 
at positive and negative angles ± θ, so asymmetry for ±θ is caused by the tilting of 
graphene with respect to the metal grid. Indeed, a highly asymmetric pattern of 
attenuation is observed. When the angle of polarization is inclined in the direction 
parallel to the graphene ribbons (θ > 0), a Drude-like absorption spectrum is observed, 
which decreases monotonically with frequency. By contrast, when the angle of 
polarization is inclined in the direction perpendicular to the ribbons (θ < 0), a peak in 
attenuation at ~7.4 THz is observed, which is identified as the plasmon resonance 
frequency for these ribbons at this gate voltage. 
Figs. 7.8a and 7.8b show the simulated charge density oscillations in the device 
structure at this frequency for two polarization angles θ = ± 45° (parallel and 
perpendicular to the ribbons), respectively. The charge density oscillation at the 
plasmon resonance frequency was obtained using a finite element method frequency-
domain simulation, carried about by M. Jadidi and Prof. Thomas Murphy. Plane-
wave excitation (7.4 THz) was simulated with a polarization parallel and 
perpendicular to graphene ribbons. The geometrical parameters of the element are the 
same as the real device described above. The carrier density of graphene was taken to 
be 2 × 1013 cm-2. The mobility was taken to be 5000 cm2·V−1·s−1, which is possibly 
higher than that of the real device, in order to illustrate the plasmon mode more 
clearly. The displayed figure shows the moment when the charge density oscillates to 
its maximized amplitude. 
              
Figure 7.8 Simulated charge density profile in the graphene/metal microstructure at 
the plasmon resonance frequency. The polarization of the incident plane-wave (7.4 
THz) is perpendicular to the graphene ribbons in (a) and parallel in (b), corresponding 
to the points marked with red and blue “+” symbols in Fig. 7.7, respectively. The 
same color scale is used for both figures. 
 
Compared to Fig. 7.8b, which shows a very weak charge density oscillation, Fig. 
7.8a clearly displays a charge density wave excited by the incident electric field 
polarized perpendicular to the ribbons, which supports the identification of the 
observed attenuation peak at 7.4 THz and θ < 0 as the transverse plasmon in the 
graphene-metal microstructure. 
7.3.2 Device with small electrode spacing 
Next, I will discuss a similar device, but with a smaller electrode spacing more 
compatible with enhanced photothermoelectric detection. The device is fabricated 
using the same technique as the device shown in Fig. 7.6, but here the graphene 
ribbon width is 1.1 μm and the inter-electrode spacing is 3.8 μm. The two-step 
shadow evaporation technique for asymmetric metal electrodes deposition is used, so 
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field is close to perpendicular to the graphene ribbons, which excites the transverse 
plasmons in the graphene ribbon, leading to increased attenuation at the plasmon 
resonant frequency which is in the range 4-6 THz. As expected, the resonant 
frequency increases with charge carrier density by applying a gate voltage. 
Interestingly, at θ = 0° (Fig. 7.9b), the angle at which the incident light is minimally 
absorbed by the metal grid, a combined response is observed, especially at high gate 
voltage. Here the components of the electric field parallel and perpendicular to 
graphene ribbons are nearly equal. At the highest gate voltage (magenta curve), the 
attenuation shows a local plasmonic peak at f ~ 5.3 THz and also a Drude response at 
low frequency. 
Next I will study the frequency and the polarization angle dependence of the 
attenuation at large positive gate voltage in more detail. Fig. 7.10a shows the 
attenuation of the same device studied in Fig. 7.9 at Vg = Vg, min + 6.5 V, the highest 
gate voltage (carrier density) achieved. Similar to Fig. 7.7, the color scale indicates 
the normalized attenuation, corrected by the extinction factor ω, θ , which is 
defined before for Fig. 7.7. As shown in Fig. 7.10a, the attenuation peaks near θ = 0°, 
because the metal grating reflects a large portion of the incident light polarized in 
other directions owing to the small spacing between metal electrodes. There is a local 
maximum at the frequency of ~ 5.3 THz corresponding to plasmon-enhanced 
attenuation, which is clearly separated from the Drude response at f < 3 THz. The 
plasmon peak is asymmetric in polarization angle with more weight at negative angle, 
while the Drude response occurs at positive angle. 
 
Figure 7.10 (a) Experimental attenuation at Vg = Vg, min + 6.5 V as a function of 
frequency (radial axis) and the incident polarization (azimuthal axis). (b) Simulated 
attenuation of the device shown in (a) using the model discussed in the text. The inset 
of (a) shows a schematic of the device and defines the polarization angle θ. 
 
To understand the relationship between plasmonic excitation and polarization, a 
simple plasmon conductivity model is developed to predict the expected absorption in 
the graphene ribbons. When modeling the spectra, I first project the effective electric 
field (the electric field of the incident light corrected by the factor 𝑓𝑓(ω, θ)) to the axes 
parallel and perpendicular to graphene ribbons. The parallel and perpendicular 
components contribute to a Drude and plasmonic absorption, respectively. 
Considering the perturbation of metal electrodes, I assume that the plasmon mode 
does not extend over the full length of the strip. It is estimated that it covers ~80% of 
the area of the strip. The transmission of the graphene ribbons is described by the 
same thin-film expression as explained before. In this device, μ is taken to be 800 
cm2·V−1·s−1 and n is 1.6 × 1013 cm-2. The standing wave plasmon frequency ωp is 
given by Eqn. (7.3). The modeled attenuation is plotted in Fig. 7.10b in the same way 
as the experimental data shown in Fig. 7.10a. The only free parameters of the model 
are the carrier density n = 1.6 × 1013 cm-2 and the mobility of graphene μ = 800 cm2V-
1s-1 which determines τ = 37 fs. According to the model, the resistivity of the device at 
this gate voltage is ~ 500 Ω, which is lower than the measured resistivity 1.4 KΩ. 




This difference is attributed to the contact resistance contribution, in the two-probe 
transport measurement across multiple graphene/metal junctions. The model 
reproduces the features of the experimental data: a stronger attenuation peak at finite 
frequency is both predicted and observed when the angle of polarization is inclined 
towards the direction perpendicular to the graphene ribbons, which signifies the 
excitation of a transverse plasmonic resonance. 
7.4 Plasmon enhanced THz photoresponse 
Next we discuss the electrical response to THz radiation of the same device as in 
Figs. 7.9 and 7.10. Photoresponse measurements were performed using the 
continuous wave THz laser at 5.3 THz as the source shown in Fig. 3.8, similar to the 
set-up used in Chapter 4.2.2 for the THz photovoltage measurement. The open-circuit 
photovoltage signal is characterized using a voltage preamplifier and lock-in 
amplifier. The sample is mounted on the same copper plate as in the FTIR 
measurements (see Fig. 3.12b) and the beam illuminates the device through the SiC 
substrate to avoid the absorption by the electrolyte. A rotating polarizer (also see 
Chapter 3.6) is placed in front of the focusing parabolic mirror (D = F = 50 mm). The 
photovoltage is continuously normalized by the signal of the pyroelectric reference 
detector. The sample is mounted on an x-y-z scanning stage together with another 
pyro-detector, which is used for the power calibration (including signal for rotating 
polarizer). 
Figure 7.11 (a) Measured magnitude of the photovoltage for a tilted graphene ribbon 
array photodetector as a function of Vg (radial axis) and the incident polarization 
(azimuthal axis). The device is the same as in Fig. 7.10a and the frequency of the 
laser excitation is 5.3 THz (175 cm-1). (b) Simulated photoresponse of the same 
device using the model discussed in the text. 
Fig. 7.11a shows the photovoltage as a function of the applied top gate voltage 
(radial axis, measured relative to the charge neutral point) and the polarization angle 
of the CW excitation (azimuth). As shown previously [129], the photovoltage is 
generated by the photothermoelectric effect [83] in graphene due to asymmetry of the 
electrodes. As reported in [129], this type of asymmetry leads to photothermoelectric 
voltage that is peaked near the Dirac point and monotonically decreases with the 
carrier density in highly doped sample. Fig. 7.11b shows the modeled photoresponse 
as function of gate voltage and polarization angle, using the same parameters as in 
Fig. 7.10b, and a photothermoelectric model described in Chapter 4.4. It is assumed 
that the electron temperature rise of each graphene ribbon element from the absorbed 
THz radiation is determined by the thermal conductance. Since metal contacts stay at 
room temperature, a temperature profile across the ribbon is generated. The 
thermoelectric voltage is calculated as 𝑉𝑉 =  ∫𝑑𝑑𝑥𝑥𝑆𝑆 ∙ ∇𝑇𝑇 , where ∇𝑇𝑇  is the electron 
temperature gradient and S(x) is the Seebeck coefficient of graphene. The asymmetric 
metal contacts produce a net thermoelectric signal via (1) nonuniformity in S(x) 
a   b 
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across the device due to chemical potential pinning [115] at the graphene/metal 
interface and (2) asymmetric temperature profile due to different contact resistance 
[116]. Comparing the device here with the device shown in Chapter 4.4 (also see 
[129]), which is bi-metal contacted exfoliated graphene on SiO2 substrate, the same 
value for metal work functions and a different value for contact resistance are 
assumed. The observed photoresponse is best described by an additional contact 
resistance Rc = 35 Ω at the region from the gold contact extending 130 nm inside the 
graphene (the corresponding extra contact resistivity ρc = 300 Ω), somewhat less than 
was found for exfoliated graphene devices on SiO2 substrates [129]. 
Both the experimental and modeled signals show maxima at small gate voltages 
where the photothermoelectric responsivity peaks [86, 87]. In addition, when the gate 
voltage is low, the photovoltage is symmetric around θ = 0° as the plasmon is only 
weakly excited in the low doped region. The signal for this device with a small metal 
spacing depends primarily on the polarizer effect of the metal electrodes and thus 
peaks with angle near θ = 0°. At larger gate voltages the photoresponse increases with 
increasing gate voltage. This rise is not due to increased responsivity; as observed 
earlier [129] and explained within the asymmetric metal electrodes model the 
responsivity decreases monotonically with increasing gate voltage at high gate 
voltage. Instead, the increase is explained by enhanced absorption in the device, 
which is due to (1) increase in dc conductivity with increased gate voltage, and (2) 
resonant plasmonic absorption. The shift of the peak in photoresponse with respect to 
angle to θ < 0° clearly indicates that the plasmonic effect is dominant in increasing 
the absorption, similar to Figs. 7.10a and 7.10b. 
7.5 Conclusion and outlook 
To conclude, the plasmon resonance absorption in large area arrays of epitaxial 
graphene microribbons contacted by metal electrodes is demonstrated. It is shown 
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that if the opposing edges of the microribbons are directly contacted by metal 
electrodes, the altered boundary conditions at the graphene-metal interface and 
associated currents in the metal [134, 135] make it difficult to directly excite plasmon 
resonances. In contrast, if the ribbons are oriented perpendicular to the metal 
electrodes, then the sub-wavelength metal electrode pattern reflects the incident wave 
with the necessary polarization perpendicular to the ribbons and parallel to the 
electrodes, greatly reducing the plasmonic excitation. 
Therefore, a novel geometry of graphene microribbons tilted at an angle with 
respect to the electrode array is adopted, in which the plasmon mode associated with 
currents transverse to the ribbon can be efficiently excited by light polarized 
perpendicular to the metal electrodes. By using dissimilar metal electrodes a 
photothermoelectric detector is formed from the tilted graphene microribbon array. 
An enhanced photovoltage is observed when the carrier density of graphene is tuned 
such that the plasmon resonance frequency matches the THz continuous-wave 
excitation. The frequency and polarization-angle dependent absorption and the gate 
voltage and polarization-angle dependent photoresponse are well described by a 
simple plasmonic conductivity model for graphene. 
The scheme demonstrated in this chapter enhances the absorption of radiation by 
graphene and therefore increases the external efficiency of graphene 
photothermoelectric detectors. Additionally the plasmon resonance is tunable through 
both geometry (ribbon width) and carrier density, enabling spectral resolution and 
tunability in graphene photothermoelectric detectors. However, in the device 
demonstrated here, the gains are modest; the attenuation for plasmonic excitation in 
Fig. 7.9c is barely greater than that for Drude absorption in Fig. 7.9a. One reason is 
that the spectral resolution quality factor is Q = ωpτ =1.2, limited by the fairly low 
mobility of epitaxial graphene. Low mobility also broadens the Drude response 
farther into the THz. The quality factor could be enhanced by etching graphene into 
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narrower ribbons, shifting the plasmon resonance to higher frequency. However, this 
neither increases the absorption at the resonance peak, nor reduces the bandwidth of 
the plasmon. Moreover, for extremely narrow graphene ribbons, the plasmon 
resonance broadens because of edge scattering, which makes the device even less 
efficient [136]. Increasing the carrier density will increase the spectral weight of the 
plasmon resonance and hence the absorption. The quality factor is also improved, 
since the resonance frequency shows a blue shift with increasing carrier density. 
However, the Seebeck coefficient decreases with carrier concentration, leading to a 
weaker thermoelectric response in highly doped graphene. This suggests that the best 
route to improved spectral sensitivity without loss of responsivity is to increase the 
mobility in graphene. Increased mobility means increased scattering time τ which 
determines the width of both the Drude response and plasmon resonance, achieving a 
high quality factor Q = ωpτ and large separation between Drude and plasmon 
responses. Furthermore, since the DC conductivity of graphene is σ0 = neμ, high-
mobility graphene would enable a strong plasmon resonance peak (which is 
proportional to the dc conductivity of the graphene sheet), making it possible to 
achieve very high absorption (on order unity) for highly conducting graphene 
(conductivity on order of the impedance of free space) at a plasmon resonance in the 
THz. This is almost impossible to achieve in THz with low-mobility graphene by 
using Drude absorption, since it requires low mobility to push the Drude response 
into THz, but simultaneously high conductivity. 
In this chapter I also demonstrated that excitation of the standing wave plasmon 
in graphene ribbons also strongly depends on the boundary condition. In particular 
the lowest finite-frequency mode for metal-terminated graphene ribbons is the second 
harmonic mode which has currents antisymmetric about a node in the middle of the 
ribbon. In principle, other higher-order modes are possible in a two-dimensional 
electron channel with metallic boundaries as for example reported in Ref. [134, 135]. 
These modes are not observed (for example, the symmetric N = 3 second mode [135]) 
in the experiment, possibly because (1) the integral ∫ J⃗ ∙ E�⃗  is still small even for the 
symmetric mode, which reduces the coupling, and/or (2) the quality factor is simply 
too low to observe the weaker mode over the Drude response. However, it may be 
possible to use local gates to tailor the carrier density in regions of the device (for 
example, creating a pn-junction) such that ∫ J⃗ ∙ E�⃗ ≠ 0  and light is coupled to the 
device even for an antisymmetric mode. 
At the end of this chapter, I compare the responsivity and NEP of the large-area 
device to a single-element detector. The large-area device introduced in this chapter 
can be regarded as an n × n array of single-element detectors: Each row of the array 
consists of n elements connected in parallel between metal electrodes and then n rows 
are connected in series to form the large-area device. I assume the resistance of each 
single-element detector is R1 and the photovoltage generated due to the incident 
radiation is V1. Now I consider the array device: Suppose the power intensity of the 
excitation is kept as a constant, then the photovoltage from each element is still V1. 
Since there are n rows connected in series, the total signal equals nV1. The absorbed 
power is n2 times larger. Therefore, the photovoltage responsivity of the large-area 
device is n times less than the single-element detector. As about the NEP, since the 
resistance of the n × n array (n × 1/n × R1 = R1) is the same as a single element, the 
Johnson-Nyquist noise remains unchanged, thus, the NEP of the large-area device is n 
times larger than the single-element detector. 
According to the analysis above, the NEP of a large-area device becomes worse 
because the signal generated from elements connected in parallel do not add up 
together and the device becomes less responsive. Taking this into account, one may 
consider connecting all n × n elements in series to maximize the photovoltage. In this 
case, the total signal equals n2V1, whereas the absorbed power is n2 times larger, so 
the photovoltage responsivity remains unchanged. However, the resistance of this 
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hypothetic device will be n2R1, resulting in an n times larger Johnson-Nyquist noise. 
Therefore, the NEP is not improved. The conclusion is that the devices demonstrated 
here are optimized in order to both detect the transmitted THz light to obtain the 
attenuation directly while also measuring the electrical signal produced by THz 
absorption. These large-area devices are necessarily less responsive and have higher 
NEP than a single-element detector. To optimize detection efficiency for the radiation 
with a large spot size, one should consider, for example, using an antenna to couple 
the radiation field to a single plasmonic element. 
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Chapter 8: Conclusion and outlook 
8.1 Conclusion 
In this thesis I explored the optoelectronic properties of graphene, which is a 
novel two dimensional atomic thick crystal. Charge carrier transport and the light-
matter interaction in graphene are reviewed in first two chapters, suggesting that the 
hot-electron photothermoelectric effect in graphene is important, which makes 
graphene as a promising material for room-temperature broadband photodetection 
with high sensitivity and extremely fast speed. In Chapter 3 to Chapter 7 I discussed 
my experimental efforts to fabricate and characterize graphene based broadband 
photodetectors, especially for the THz detection. I summarize below three main 
conclusions of this thesis. 
1. Dissimilar metal contacted graphene devices were fabricated using standard
electron beam lithography method and the tilted angle shadow evaporation
technique, in order to achieve a photodetector capable of outputting an
electrical signal at uniform light illumination. The photoresponse is
characterized in optical, near infrared and THz range, and is compared with
the thermoelectric response generated due to Joule heating. The
photothermoelectric response is confirmed to persist in a broad range of the
radiation frequency. Especially in the THz range, the best device shows
responsivity exceeding 10 V/W (700 V/W) at room temperature referenced to
the incident (absorbed) power, implying a performance which is competitive
with the best room-temperature THz detectors [14] for an optimally coupled
device. Further characterization shows that there is no limit to achieve the
Johnson-Nyquist noise floor in such devices, resulting in an optimized noise
equivalent power less than 1100 pW/Hz1/2 (20 pW/Hz1/2), which compares
favorably with commercially available room temperature THz detectors [16].
137 
138 
2. The response time of the graphene based photodetector presented in this work
is characterized by ultrafast pulsed lasers. The intrinsic response time of the
device to a near infrared excitation is measured using a pulse coincidence
technique taking advantage of the nonlinear nature of the photovoltage signal
below ~ 200 K. The intrinsic response time is experimentally determined to
be 10.5 ps at 150 K, which is eight to nine orders of magnitude faster than
existing technologies. The extrinsic response times of actual detectors are
characterized through direct time domain photoresponse measurements,
which show response times of ~ 30 ps for the optical excitation and ~ 110 ps
for the THz excitation. The extrinsic response times are slightly larger than
the intrinsic response time due to the RC relaxation in the electrical circuit
and the bandwidth of the detection electronics. However these measurements
show that there is no technical barrier to achieving real devices operating near
the intrinsic response time of graphene set by the thermal relaxation time.
3. To further increase the sensitivity of the detector in THz range and make the
detection tunable (frequency selectable), large area terahertz
detectors utilizing a tunable plasmonic resonance in sub-wavelength graphene
micro-ribbons on SiC(0001) are fabricated. Unfortunately, most
photodetection mechanisms in graphene require closely-spaced electrical
contacts, which prohibit or interfere with the plasmonic excitation by
screening or reflecting the incident terahertz field. In this work, by tailoring
the orientation of the graphene ribbons with respect to an array of sub-
wavelength bimetallic electrodes, I achieve a condition in which the
plasmonic mode can be efficiently excited by an incident wave polarized
perpendicular to the electrode array, while the resulting photothermal voltage
can be observed between the outermost electrodes. The detector shows an
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As discussed in previous chapters, the disadvantage of a bi-metal contacted 
graphene detector is that only a narrow strip of the graphene flake close to the 
electrode contributes to the net signal due to the very symmetric temperature profile 
across the ribbon generated by the uniform illumination. Therefore, if a local gate can 
be applied to a graphene flake to tune the carrier density (thus the Seebeck coefficient) 
from one electrode to the center of the device, one will be able to take advantage of 
the whole light sensitive part to optimize the magnitude of the signal. 
Fig. 8.1 shows an example of graphene pn-junction detector fabricated using 
large area CVD graphene. The light sensitive part of the device is similar to the one 
shown in Fig. 3.6a. Many graphene channels are connected in series with dissimilar 
metal contacts to enhance the response. As shown in Fig. 8.1a, the top and bottom 
pads (top pad not shown in the graph) serve as ground and the signal output, 
respectively. Then an Al2O3 layer is deposited on top of the light sensitive part as the 
top gate dielectric, which extends to the left (red squares in Fig. 8.1a), followed by 
the top gate electrode evaporation. The top gate electrode is like a comb, which 
covers the bottom half of each graphene channel (as shown in Fig. 8.1b) to locally 
tune the carrier density of the channel. 
I have characterized the THz photoresponse of this device in Prof. Drew’s group 
with my colleague Dr. Sushkov. At this stage, only little improvement in sensitivity 
has been achieved, compared to the bi-metal contacted graphene detector. A possible 
reason is that the mobility of CVD graphene is low, resulting in a short diffusion 
length. The hot electrons generated at the center of the device are scattered by 
phonons before diffusing into the leads. Therefore, the effective area of the 
photodetector is still constrained within a narrow extension from the electrodes. 
Nevertheless, the idea of graphene pn-junction detector should work. I expect a 
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shows the transport characterization of this device. It is observed that the conductance 
of the device is close to zero in the gate range between Vg = 10 V to Vg = 15 V, 
indicating a transport bandgap of the device. The thermoelectric response of the 
device is characterized electrically through ac Joule hating using the second harmonic 
technique as introduced in previous chapters. The shape of the signal is similar to the 
gate dependent Seebeck coefficient of monolayer graphene. The peak responsivity 
appears near the charge neutral point, and the inferred responsivity exceeds 50000 
V/W in this device, 2~3 orders of magnitude larger than devices shown before 
fabricated using 2D graphene sheet. The measurement shown in Fig. 8.2b is carried 
out at T = 85.5 K. The transport bandgap of the device is a function of the 
temperature. By changing the temperature, both the resistivity and the magnitude of 
the second harmonic voltage change correspondingly. I have found that the peak of 
the second harmonic signal is linearly dependent on the resistivity of the device. 
One question in this measurement is whether the second harmonic voltage 
accurately represents the magnitude of the thermoelectric response. As the current-
voltage relationship of the bandgapped graphene nanoribbon could itself be 
intrinsically very nonlinear, the measured second harmonic voltage might contain 
artifacts due to the nonlinear effect, and not reflect the thermal response. Therefore, 
an optical characterization is needed to measure the real photothermoelectric signal 
and to calculate precisely the responsivity enhancement. 
Ultrahigh mobility graphene plasmonic THz detector 
As discussed in the last section of Chapter 7, high quality factor of the plasmon 
resonance can be achieved in high mobility graphene samples due to the large 
scattering time, which helps to improve the spectral sensitivity of the detector in THz 
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be observed when the carrier density of the device is tuned to match the plasmonic 
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